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ACCURACY OF HIGH-RANGE CURRENT TRANSFORMERS 
By John H. Park 


ABSTRACT 


The variations in ratio and phase angle of a current transformer caused by 
changes in the geometrical configuration of its primary circuit were determined 
experimentally for transformers of various makes and designs with primary cur- 
rent ratings from 1,200 to 7,500 amperes. A theoretical explanation of the 
results is given. 
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I. INTRODUCTION 


Commercial measurements of electric power and energy, in circuits 
carrying alternating currents of large value, are invariably made by 
the use of current transformers which supply, to the measuring instru- 
ments proper, secondary currents which are a replica to a ‘reduced 
scale of the corresponding currents in the primary circuit. In impor- 
tant installations the proportionality factor or “‘ratio”’ of the trans- 
former is obtained by an experimental comparison between the 
transformer in question and a standard transformer of known ratio. 
This comparison is usually made in the testing laboratory of the 
utility company concerned, while the standard transformer in turn 
is tested at suitable intervals by some ‘‘absolute’”’ method usually 
in a large standardizing laboratory such as that of the National 
Bureau of Standards. 

lt is evident that the accuracy of the final results would be invali- 
dated if the conditions under which either the working or the standard 
transformer is operated were allowed to differ to a significant extent 
from the conditions under which either transformer was tested. With 
ordinary care such conditions as frequency and secondary burden can 
be readily reproduced with sufficient fidelity, and the effect of changes 
in these conditions decreases in general with an increase in the current 
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to be measured, and hence in the commercial importance of the 
measurement. 

The variations in the magnetic effect of the primary circuit result- 
ing from changes in its veometrical configuration, however, while 
negligible in multi-turn transformers of low current rating, tend to 
increase as the rated primary current increases. The arrangement 
of the primary circuit in the neighborhood of the working current 
transformer when in service is, of course, fixed by external considera- 
tions and the question arises as to how closely this arrangement must 
be duplicated in the testing laboratory if significant errors are to be 
avoided. Similarly, the closeness with which the circuits used with 
the standard transformer in the testing laboratory should be dupli- 
cated in the standardizing laboratory, becomes a matter for study and 
perhaps for standardization by mutual agreement. 

The effect on the ratio and phase angle of a current transformer of 
changing the arrangement of its primary circuit has been studied by 
Price and Duff! on a number of transformers of ratings up to 1 ,600 
amperes. In view of the extension in 1932 of the facilities at the 
National Bureau of Standards for testing current transformers up 
to 12,000 amperes, it seemed desirable to extend this study into the 
higher range where, presumably, the effects would be enhanced. Such 
a study would serve to bring out the precautions needed in this range 
of testing to fully utilize the precision available. 


THEORY 


The relation between the primary and secondary currents of a 
current transformer can be deduced by considering its magnetic 
circuit, provided all currents and fluxes are assumed. to vary sinu- 
soid: ally with time and their effective values are used as vectors. For 
simplicity, this relation will first be derived for the hypothetical case 
in which the air or other medium surrounding the current transformer 
core is assumed to have zero permeability. Under these conditions, 
for any arrangement of the windings, all of the magnetic flux produced 
by the primary and secondary ampere-turns will make a complete 
circuit in the core. An example is shown in figure 1A, in which 


I,—primary current, 

I,=secondary current, 

n,=number of primary turns, 

n2—=number of secondary turns, and 

@=total flux at any section of the core. 
The equation for the sum of the magnetomotive forces around the 
closed magnetic circuit a b c d a is: 


In, +Jone+1.m=0 (1) 


All of the terms in this equation are vectors and J,n, represents the 
ampere-turns required to sustain the flux ¢ in the core. 

The exciting ampere-turns, 7,n,, may be obtained experimentally 
as a vector function of the voltage induced in an exploring coil wound 
around the core (i. e., by using “either the primary or the secondary 
winding as an exciting ‘coil and measuring the components of the volt- 





1H. W. Price and C. K. Duff, Through Type Portable Current Transformers. Univ. Toronto, School 
Eng. Research Bul. 2, sec. 4, pages 202 to 210 (1921). 



































Park] Accuracy of Current Transformers 369 
age induced in the exploring coil in time phase and in time quadrature 
with the exciting current for various values of exciting ampere-turns). 
Thus, if the voltage induced in the exploring coil is measured as a 
vector with respect to J, when the transformer is performing its 
normal function, J,n; can also be obtained as a vector with respect 
to J, and then by use of equation 1 the vector relation between J, 
and J, can be computed, from which the ratio and phase angle of the 
transformer are readily obtainable. 

For the practical case where the medium surrounding the core 
does not have zero permeability, the flux distribution will be about as 
shown in figure 1B, in which some of the flux occupies leakage paths 
through the air. Thus, the core flux and likewise the electromotive 
force induced in an exploring coil wound around the core are not 
constant for various sections along the perimeter of the core, and the 
Im, term in equation 1 cannot be obtained in the simple manner 
outlined for the hypothetical case. However, the equation for the 




































































FIGURE 1 


sum of the magnetomotive forces around the closed magnetic circuit 
abcda will still be the same if the value of exciting ampere-turns, 
I,m, is obtained by adding vectorially, for the entire core, the ampere- 
turns required to maintain the flux in each elemental length of the 
core. 

The summation of the exciting ampere-turns can be determined 
experimentally if the core flux is assumed to be uniform over any 
cross section and if all of the flux lines are considered to be perpendic- 
ular to the core cross section. In order to do this, a number of 
exploring coils must be wound on the core, spaced short distances 
apart along the core perimeter. Then, while the transformer is being 
used to measure a current of constant value, the electromotive force 
induced in each exploring coil and its phase relation with the secondary 
current are measured. These values are plotted against the distance 
along the core perimeter and by use of these curves the perimeter is 
divided into small lengths over which the induced electromotive 
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force and its phase angle with respect to the secondary current are 
taken to be constant. The values of exciting ampere-turns and their 
phase angles with respect to the secondary current, for each small 
length of the core, are now obtained by use of the vector relation 
between the exciting ampere-turn and induced electromotive force. 
This relation is determined as outlined in the hypothetical case, except 
that the exciting turns must now be uniformly distributed around the 
core so that the core flux will be the same at different sections. The 
total exciting ampere-turns and their phase angle with respect to the 
secondary current are obtained by adding vectorially the values of 
exciting ampere-turns for each small section of the core. if x is the 
distance along the perimeter of the core from a fixed point to any 
other point, and if / is the total perimeter, the exciting ampere-turns 
for the entire core may be expressed as: 


yt 9 
] Ay (2) 


where J,n, is obtained as a vector with respect to the secondary cur- 
rent for any value of x by use of the exploring-coil data and the vector 
relation between J,n,; and the induced electromotive force. The 
equation for the summation of magnetomotive forces around the 
core becomes 

r=l 


V\ Im 
In, T Tong T », “4 > Az=0 (3) 


a= 


from which the ratio and phase angle of the current transformer can 
be obtained if the summation term is evaluated by the method just 
described. 

This analysis is not recommended ? as a means of obtaining exact 
numerical values of the ratio and phase angle of a current transformer, 
because (1) the transformer must be constructed with a large number 
of search coils wound on its core, (2) the task of determining the 
electromotive force induced in these search coils for each value of 
secondary current is time consuming, and (3) the assumption that the 
flux density is uniform over any cross section of the core is never 
realized and in most cases the errors thus introduced will not be negli- 
gible. This analysis is, however, useful as a qualitative guide to an 
understanding of how changes in location of the primary conductors 
affect the ratio and phase angle of a current transformer. 

Since the performance of a current transformer is dependent upon 
the values of core flux at each cross section of the core along its perim- 
eter, the location of the primary conductors will affect ratio and 
phase angle by affecting the values of core flux. However, in order 
to determine the qualitative effect on ratio and phase angle for a 
given change in arrangement of the primary circuit, further deduc- 

2 It may be useful quantitatively in the case of a current transformer with a ring-shape core and uniformly 


distributed wink dings, since the core flux will then be the same at all cross sections of the core and one ex 
ploring coil measurement will be sufficient for each value of current 
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tions are required. Price and Duff* have demonstrated that the 
flux at any cross section of the core may be thought of as divided 
into two components. One component is called the working or 
mutual flux. It makes a complete circuit in the core, linking all of 
the primary and secondary turns, and is the same at all cross sections 
of the core. The other component is called the leakage flux (primary 
leakage flux if produced by primary turns and secondary if produced 
by secondary turns). It does not make a complete circuit in the 
core but “leaks” out and completes its circuit through the surround- 
ing medium. This component varies at different cross sections 
around the core and its magnitude depends upon the arrangements 
of the primary and secondary turns. Price and Duff separated the 
total flux at any cross section of the core into these two components 
by an experimental method. They supplied the primary winding 
and the secondary winding independently so that their values of 
ampere-turns were exactly equal and 180° apart in phase. For these 
conditions, equation 3 shows that the summation of the exciting 
ampere-turns around the core is zero. Also, the flux at various 
sections of the core is substantially the same as the leakage flux 
during normal operation of the transformer, and since the leakage 
flux is usually much larger than the mutual flux, especially in high- 
range current transformers with nonuniform distribution of primary 
windings around the core, the addition of the mutual flux will not 
greatly affect the magnetic condition of the core and the summation 
of the exciting ampere-turns required to produce the leakage flux in 
the core will still be zero. Therefore, the leakage flux will have no 
direct effect upon the summation term in equation 3. However, 
there will be an indirect effect, because the existence of the leakage 
flux will increase the flux density in the core and change its magnetic 
condition, thus changing the ampere-turns required to produce the 
mutual flux and, correspondingly, the ratio and phase angle of the 
current transformer. If the addition of leakage flux to mutual flux 
does not bring the total flux density at any cross section of the core 
above the value for maximum permeability, the number of ampere- 
turns required to produce the mutual flux will be decreased by the 
presence of the leakage flux. If the addition of leakage flux to mutual 
flux does bring the total flux density at any cross section of the core 
materially above the value for maximum permeability, the number 
of ampere-turns required to produce the mutual flux may be much 
increased. Thus, according to its magnitude, the addition of leakage 
flux may either increase or decrease the ratio and phase angle. 
Leakage flux will also affect ratio and phase angle by causing a 
leakage reactance in the secondary winding. This leakage reactance 
may be defined as the integrated value per unit current of the linkages 
of secondary leakage flux with secondary turns minus the linkages of 
primary leakage flux with secondary turns. The contribution of 
secondary leakage flux is usually the larger, thus introducing a 
positive secondary leakage reactance, which has the same effect on 
ratio and phase angle as the addition of inductive burden, i. e., it 
decreases the phase angle and increases the ratio. However, for 
certain arrangements of primary circuit the contribution from the 
primary leakage flux will be the larger, thus making the secondary 





* Effects of magnetic leakage in current transformers, Univ. Toronto, Bul. 2, sect. 4, pages 167 to 191 (1921) 
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leakage reactance in effect negative. This will tend to make the 
phase angle larger and the ratio smaller. If the effective negative 
secondary leakage reactance is more than enough to balance the 
inductive reactance in the burden, it will make the secondary induced 
voltage (see fig. 2) lag the secondary current and the mutual flux lead 
the secondary current by less than 90 degrees. In extreme cases the 
exciting ampere-turns required to produce the mutual flux may also 
lead the secondary current by less than 90 degrees, thus making 
the ratio of primary ampere-turns to secondary ampere-turns less 
than one. 
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FIGURE 2.—Vector diagram for a current transformer whose arrangement of primary 
turns is such that the secondary leakage reactance is negative in effect. 





J;=primary current r=resistance of burden 
secondary current z=reactance of burden 

e=exciting current r2=resistance of secondary winding 
secondary induced voltage Z2=secondary leakage reactance 


turn rati ¢m=mutual flux 


A change in arrangement of primary circuit affects the performance 
of a current transformer by changing the leakage fluxes in and near 
the core. A change in the frequency of the current being measured 
or in the burden of the secondary circuit will not greatly affect the 
leakage flux. Therefore, for a given change in arrangement of 
primary circuit, the change in performance will be practically inde- 
pendent of the frequency and secondary burden, althcugh the actual 
performance of the current transformer may change appreciably for 
different frequencies or secondary burdens. 


III. TEST METHODS 


In the present study, the ratio and phase angle of current trans- 
formers of each of the several main classes of design used in practice 
for measuring currents of 2,000 amperes or more, were determined 
with various arrangements of primary circuit. The equipment and 
methods regularly employed in testing transformers at the National 
Bureau of Standards ‘ were used. The primary current circuit of this 
equipment, as shown by figure 3, consists of large copper slabs which 
connect the supply transformer, the transformer under test, and 





4 Equipment for testing current transformers, BS J.Research 11, 93 (1933) R P4580. 
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the standard transformer or primary shunt in series. This circuit 
is so arranged that two copper slabs carrying current in opposite direc- 
tions are face to face and close together throughout the entire circuit 
except where the transformer under test is connected. Here, a 
portion of the copper slab (called the inner conductor) carrying cur- 
rent in one direction is replaced by the primary of the transformer 
under test if it is of the busbar type; if it is of the hole type the copper 
slab is used as the conductor through its core window. The copper 
slab (called the return lead) carrying current in the opposite direction 
is close to the inner conductor up to two points 18 inches from the 
center of the transformer being tested. At each of these points the 
return lead is connected to a copper plate whose flat surface is per- 
pendicular to the inner conductor. The circuit is completed by four 
copper slabs connecting these plates together. For the regular testing 
at the National Bureau of Standards, the arrangement of these slabs 
is as shown in figure 3. For the present study various numbers and 
location of these slabs were used. In order to arrange the primary 
circuit as a loop or loops around one or more sections of the core, 
flexible cables were used to construct the desired shape of primary 
circuit and these cables were then clamped to the heavy copper slabs 
at such a point that stray fields from the rest of the primary circuit 
would not affect the performance of the transformer. By using one or 
the other of these procedures for connecting the primary of the trans- 
former under test, it was possible to obtain nearly any desired arrange- 
ment of primary circuit. 

Exploring coils were wound on the cores of some of the experimental 
transformers and the electromotive forces induced in these coils, 
while the transformers were being tested at currents near their rated 
values, were measured by a separately excited voltmeter. From these 
measurements the core flux density at the location of each exploring 
coil was computed and the results show whether that section of the core 
was operating above or below the value of flux density for maximum 
permeability. 


IV. RESULTS 


Nearly all current transformers with a primary rating of 2,000 
amperes or more have primary windings consisting of a single con- 
ductor passing through the opening of asingle-window core and accord- 
ing to their design may be divided into the following groups: (1) 
transformers with cores of rectangular shape and secondary turns 
equally distributed on all four legs, (2) transformers with cores of 
rectangular shape and secondary turns in two equal sections on op- 
posite legs, (3) transformers with cores of rectangular shape and sec- 
ondary turns all on one leg, and (4) transformers with cores of ring 
shape and secondary turns uniformly distributed around the core. 
For all transformers of any one group, a given change in arrangement 
of primary circuit produces similar changes in ratio and phase angle, 
but the actual value of these changes depends upon the size and mag- 
netic properties of the core and the rated primary ampere-turns. 
No attempt was made to obtain sufficient data so that the quantita- 
tive effect of changing the location of the primary conductors could 
be deduced for all transformers of various nominal currents and with 
cores of various sizes and magnetic properties. However, data were 
obtained on at least one current transformer of each of the above 
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groups. These data are intended to show only the arrangements of 
primary conductor which are most likely to give the best perform- 
ance for any transformer of each group, and approximately the 
order of magnitude of the changes caused by departures from these 
arrangements. 


1. TRANSFORMERS WITH CORES OF RECTANGULAR SHAPE AND 
SECONDARY WINDINGS EQUALLY DISTRIBUTED ON ALL FOUR 
LEGS 


Current transformer A,, a description of which is given in table 1, 
was tested with various arrangements of a single primary turn. 
The turn ratio, 1499:1, was used as the nominal ratio in the compu- 
tations. The curves in figures 4 to 7 show the ratio correction factor 
(the quantity which multiplied by nominal ratio gives true ratio) and 
the phase angle (the angle by which the reversed secondary current 
leads the primary current) plotted against secondary current for 
various arrangements of primary circuit. Because of limitations in the 
source of power supply, 1t was not possible to test this transformer at 
the 5-ampere value of secondary current in all instances, but a test 
point was taken as near the 5-ampere point as possible and it was at 
least 4 amperes in all cases. 

Curves 1 in figure 4 show the performance of transformer A, with 
a straight conductor through the center of the core window and the 
return lead in four sections, equally spaced around the inner con- 
ductor, parallel to it, and 20 inches from it. This arrangement of 
primary circuit is the one ordinarily used at the National Bureau of 
Standards in testing current transformers for 1,000 amperes or over; 
also, it is in effect equivalent to a single return lead at a great distance 
from the inner conductor. It will be called the normal arrangement 
in the present discussion, and on each figure, curves 1 represent the 
performance of the transformer with this normal arrangement of 
primary circuit. Curves 1 will thus serve as a basis of reference for 
judging the magnitude of the errors when other arrangements of 
primary circuit are used. 

With the normal arrangement of primary circuit, very little of the 
primary leakage flux passes through the core or links any secondary 
turns, and as seen by curves 1 of figure 4, the performance of trans- 
former A, is quite normal under these conditions. Curves 2 show 
the performance with the primary consisting of a loop (12 inches in 
diameter) of large cable around leg “‘a” of the core. Under these 
conditions a large amount of primary leakage flux passes through 
part of the core and links some of the secondary turns. At low cur- 
rents this flux is not sufficient to bring the core flux density up to 
the value for maximum permeability, but it introduces a negative 
leakage reactance in the secondary winding, the effect of which was 
explained in the discussion of theory. In this case the negative 
secondary leakage reactance is sufficient to make the ratio of primary 
ampere-turns to secondary ampere-turns less than 1 from 0.5 to 1 
ampere secondary current. For larger currents, measurements with 
the exploring coils showed that the leakage flux was sufficient to bring 
the core flux density above the value for maximum permeability. 
Thus, the exciting ampere-turns and hence the ratio and phase angle 
increase rapidly when the secondary current is raised above 3 amperes. 
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Curves 2 of figure 4 indicate that the performance for this arrangement 
of primary circuit differs from the performance with the normal 
arrangement by as much as 6 percent in ratio and 20 minutes in 
phase angle. ‘These are probably the largest differences that can be 
obtained by changing the primary circuit of this transformer and they 
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. 7495 , 4 : : . ox 
Nominal ratio “°. Burden 1.2 ohm and 2,000 microhenries. Frequency 25 cycles per second 
oO 


Curve Arrangement of primary circuit 
1 Straight conductor through center of core window, one return lead opposite each leg of the core 


and 20 inches from center of the inner conductor. 
2 A loop, 12 inches in diameter, of 2 large cables in parallel around leg ‘‘a’’. 





will rarely occur in practice, because a current transformer such as 
A, would usually have a primary circuit consisting of a straight con- 
ductor through the center of its core window and one or more return 
leads parallel to the straight conductor and at various distances from 
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it. The curves in figure 5 show the ratio correction factor and the 
phase angle for a number of possible arrangements of return lead. 
Curves 1 show the performance with the normal arrangement, which 
is the equivalent of a return lead at a great distance. Curves 2 are 
for data obtained with the four return slabs close to the transformer. 
\ comparison of curves 1 and 2 shows that if the return leads are 
uniformly distributed around the core the ratio and phase angle will 
be very nearly the same whatever the distance from inner conductor 
to return leads may be. It follows that if the transformer is tested 
with several primary turns uniformly distributed around the core, 
the performance will be nearly the same as with one central inner con- 
ductor and return leads at a great distance. The other curves in 
rene ) indicate that the more nonuniform the distribution of primary 

turn leads the more the ratio and phase angle oe from their 
wen with a uniform distribution and that this effect is more pro- 
nounced with the return leads close to the inner conductor. 








TABI ] Description of the rectanqular-core current transformers ised in this 
investigation 
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The curve s of figure 6 show the change in ratio correction factor and 
phase angle when the inner conductor is displaced from the center of 
the core window. With the return !eads uniformly distributed 
around the core, the inner conductor may be considerably off center 
without seriously affecting the performance. When the return leads 
are concentrated near one leg of the core, a displacement of the inner 
conductor from the center causes a considerable change in ratio for 
secondary currents over 3 amperes. Curves 1, 2, and 4 of figure 7 
show the ratio correction factor and phase angle of transformer A, 
under the same test conditions as were used in curves 1, 2, and 4 of 
figure 6, except that a frequency of 60 cycles per second was used in 
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place of 25. A comparison of these two groups of curves shows that 
the effect on performance of changing the position of the primary 
conductors is about the same at both frequencies. Curves 3 and 5 





























NUTES 





KATA 
. 





IAL 
iN 

















PHASE ANGLE 






























































a 1003 

Cc) 

i 

i 1902 

© 

U jO0l 

W 

« 

4 

© 

VU POOF 

Q 

E 

aw .999 

0.5 1 2 3 a 5 
SECONDARY CURRENT IN AMPERES 
Figure 5.—Performance curves for transformer A, 
Nominal ratio = Burden 1.2 ohm and 2,000 microhenries. Frequency 25 cycles per second. Inner 
primary conductor in the center of the core window. 
Curve Arrangement of primary return leads 


] One opposite each leg of the core and 20 inches from inner conductor. 

2 One opposite each leg of the core and 8 inches from inner conductor. 

3 One opposite each of legs ‘‘a”’ and ‘‘ce’”’ and 8 inches from inner conductor. 
4 One opposite leg ‘‘a’’ and 26% inches from inner conductor. 

5 One opposite leg ‘‘a’’ and 15 inches from inner conductor. 

6 One opposite leg ‘‘a’”’ and 8 inches from inner conductor. 


of figure 7 are for the same test conditions as curves 1 and 4, except 
that the secondary burden was much less. These curves show that 
the ratio and phase angle are slightly different for different burdens 
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but that the change in performance for the same change in arrange- 
ment of primary conductors is the same at both burdens. These 
results check the predictions which were made in the theory. 
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Figure 6.—Performance curves for transformer A, 
Nominal ratio 7. Burden 1.2 ohm and 2,000 microhenries. Frequency 25 cycles per second 
Location of inner primary conduc- Arrangement of primary return leads 
Curve tor 
1 Center of core window One opposite each leg of the core and 20 inches from inner 
. conductor. 
2 Near leg “‘a” _ Do. 
3 Center of core window One opposite leg ‘‘a’”’ and 8 inches from inner conductor. 
4 Near leg ‘‘a”’ Do. 


Since it is the change in performance of a current transformer for a 
change in arrangement of primary circuit which is of particular inter- 
est in this investigation, the results which follow are given for only 
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one frequency and burden. The change in performance for a given 


change in arrangement of primary circuit would be nearly the same 
for any ordinary burden or usual power frequency. 
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Ficure 7.—Performance curves for transformer A, 


7495 


Nominal ratio ——~. Frequency 60 cycles per second. ‘Burden C, 1.2 ohm and 2,000 microhenries.”’ 
a 


“Burden D, 0.26 ohm and 100 microhenries’’. 


Location of inner primary Arrangement of primary return leads 
Curve Burden conductor 
1 eC Center of core window One opposite each leg of the core and 20 inches from 
inner conductor. 
2 C Near leg ‘‘a”’ Same as for 1. 
3 D Center of core window Same as for 1. 
4 Cc Near leg ‘‘a”’ One opposite leg “a’’ and 8 inches from inner con- 


ductor. 
D Near leg “‘a”” Same as for 4. 
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2. TRANSFORMERS WITH CORES OF RECTANGULAR SHAPE AND 
SECONDARY WINDINGS IN TWO EQUAL SECTIONS ON OPPOSITE 
LEGS 


Current transformer A2, a description of which is given in table 1, 
was tested with various arrangements of primary circuit. The re- 
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Figure 8.—Performance curves for transformer Ag 


Nominal ratio > ~ . Burden 0.6 ohm and 1,000 microhenries. Frequency 25 cycles per second. 
Curve Arrangement of primary circuit 
1 Straight conductor through center of core window, one return lead opposite each leg of the core 


and 20 inches from inner conductor. 
2 A loop, 12 inches in diameter, of large cable around leg ‘‘a’’. 


3 A loop, 12 inches in diameter, of large cable around leg “‘d’’. 
sults of these tests are shown in figures 8 to 11. The curves in figure 
8 show the performance with the normal arrangement of primary 
circuit and with the two arrangements causing the largest difference 
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in ratio (a maximum of over 3 percent). These conditions are not 
apt to occur in practice and the results show the necessity of avoiding 
them. 
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Figure 9.—Performance curves for transformer Ag 
Nominal ratio . Burden 0.6 ohm and 1,000 microhenries. Frequency 25 cycles per second. Inner 
primary conductorjin the center of the core window 
Curve Arrangement of primary return leads 
1 One opposite each leg of the core and 20 inches from inner conductor. 
2 One opposite each leg of the core and 8 inches from inner conductor. 
3 One opposite each of legs ‘‘a’’ and ‘‘c’’ and 8 inches from inner conductor. 
4 One opposite leg ‘‘a”’ and 8 inches from inner conductor. 
5 One opposite leg ‘“‘d” and 8 inches from inner conductor. 
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The curves in figure 9 show the performance with the primary con- 
sisting of a straight conductor through the center of the core window 
and return leads in various arrangements. With the return leads uni- 
formly distributed around the central inner conductor the performance 
is nearly the same whether they are very close to the transformer or at 
a considerable distance from it. With the return leads not uniformly 
distributed, the performance depends upon their location with respect 
to the core and secondary winding. The largest change in perform- 
ance occurs when one return lead is used and placed near a leg of the 
core upon which there are no secondary turns. Under these condi- 
tions the primary leakage flux in this leg of the core becomes very 
large and causes the flux density in it to approach saturation as the 
current is increased. 

The curves in figure 10 show a comparison of the performance of 
transformer A, with the normal arrangement of primary circuit and 
the performance when eight primary turns are used, each being looped 
closely around the secondary coils. When the eight primary turns 
are uniformly distributed around the core, the performance is nearly 
the same as with one central inner conductor and uniformly distributed 
return leads; but when four primary turns are wound around each of 
the two secondary coils a and c, the secondary leakage reactance is 
considerably reduced, thus making the performance decidedly dif- 
ferent. If a transformer of this type is to be used with one primary 
turn and return leads at a considerable distance but is to be tested 
with several primary turns, these turns should always be uniformly 
distributed around the core. 

The curves in figure 11 show the performance of transformer A, 
when the inner conductor is not in the center of the core window. 
With uniformly distributed return leads the centering of the inner con- 
ductor is not extremely important, but when only one return lead is 
used and it is located near a section of the core upon which there are 
no secondary turns, the change in performance when the inner con- 
ductor is not centered may be considerable. 

Several other transformers with cores of rectangular shape and 
secondary windings in two equal sections on opposite legs were tested 
with various arrangements of primary circuit. The results of these 
tests on transformers B2, C2, Do, and E», descriptions of which are 
given in table 1, are shown by the curves in figures 12, 13, 14, and 15, 
respectively. Intercomparison of the results obtained on trans- 
formers of this design indicates that for a given change in arrange- 
ment of primary circuit the differences in ratio and phase angle 
become larger with (1) an increase in rated primary ampere-turns, 
(2) an increase in core perimeter, or (3) a decrease in core cross section. 


3. TRANSFORMERS WITH CORES OF RECTANGULAR SHAPE AND 
SECONDARY WINDINGS ON ONE LEG ONLY 


Current transformer A;, a description of which is given in table 1, 
was tested with various arrangements of primary circuit. The curves 
in figure 16 show the results of the tests with the inner conductor at 
different locations in the window of the core and the return lead in 
four sections equally spaced around the inner conductor and 20 inches 
from it. Under these conditions the largest changes in performance 
are 8 percent in ratio (at 5 amperes sec ondary current) and 28 minutes 
in phase angle (at 0.5 ampere secondary current). For nonuniform 
distributions of return lead the changes are much greater. 





Accuracy of Current Transformers 









































w& 
6. 68 


PHASE ANGLE IN MINUTES 


























a 
big 


E 
E 
I 








) inches from inner conductor. 
ht turns in series looped closely around the core, two on each leg. 


ht turns in series looped closely around legs ‘‘a”’ and ‘‘c”’ in figures of eight. 


ght turns in series looped closely around the core, four around each of legs ‘‘a’’ and ‘‘c”’ 


1 
wig 












1O22F 
1020 } 
t 3a | | 
101i8k—_;—_ "4 i t t + —-— -—— 
| j | | | | 
| | 
| \ Ps ha ee 
016, ——_+—- -+ + a - ++ —-— 
{ I | | 
: 
ii = | ae i esas 4 4 i + + —+ — 
- 
, | | | | 
x 1012 a — 
Q 1.010}— —————} 
< | 
1908 ——+ 
p 
1006—— +} 
— 4 
1004 . a 
Os ! z= 3 “4 5 
SECONDARY GURRENT IN AMPERES 
Figure 10.—Performance curves for transformer Ag. 
s , 3645 bos : P : pee 
Nominal ratio ——--* Burden 0.6 ohm and 1,000 microhenries. Frequency 25 cycles per second 
5 
Curve Arrangement of primary circuit 


1 Straight conductor through center of core window, one refurn lead opposite each leg of the core and 
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FIGURE 11 Performance curves for transformer Ag. 


OF 


Nominal ratio ——- Burden 0.6 ohm and 1,000 microhenries. Frequency 25 cycles per second. 


Lo tion of inr T ry P 
; a ee eens \rrangement of primary return leads 
Curve conductor " 
l Center of core window One opposite each leg of the core and 20 inches from inner conductor. 
2 Near leg “‘d”’ Same as 1 
3 Center of window One opposite leg ‘‘d’’ and 8 inches from inner conductor. 








4 Near leg “d”’ Same as 
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e Arrangement of primary return leads 
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FIGURE 13.—Performance curves for transformer Cz. C1 


: ‘ 5000 ye , " 
Hole type. Nominal ratio — Burden 0.6 chm and 1,000 microhenries. Frequency 25 cycles per second 
Inner primary conductor in center of core window. 
urve Arrangement of primary return leads 
l One opposite each leg of the core and 20 inches from inner conductor. 
2 One opposite leg ‘‘a’’ and 7 inches from inner conductor. 
3 One opposite leg ‘‘b’’ and 6 inches from inner conductor. _ 
One opposite corner of legs ‘‘a’”’ and ‘‘b”’ and 8 inches from inner conductor 
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2 One opposite leg ‘“‘a’’ and 5 inches from central busbar. 
One opposite leg ‘‘b’’ and 5 inches from central busbar. 
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FiaguRE 14.—Performance curves for transformer Do. 
- 5000 . ‘ . F 
Busbar type. Nominal ratio ——- Burden 0.6 ohm and 1,000 microhenries. Frequency 2 
0 
cycles per second. 
Curve Arrangement of primary return leads 
l One opposite each leg of the core and 20 inches from central busbar. 
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This transformer was constructed with a secondary coil on each 
leg, but only one secondary coil was used in this test. Thus, the 
perimeter of the core and consequently the change in performance for 
a given change in arrangement of primary circuit were much greater 
han they would be for a transformer with the same rated ampere- 
turns, designed with a secondary coil on one leg only. However, the 
ampere-turn rating of this transformer as tested was only, 1,820, and 
for larger current ratings the core perimeter of a transformer de- 
signed with only one secondary coil might approach that of the trans- 
former tested. Also the changes in performance for a given change in 
arrangement of primary circuit increase with the ampere-turns; there- 
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Figure 15.—Performance curves for transformer Ep. 
N nalratio——- Burden 0.6 ohm and 1,000 microhenries. Frequency 60 cylces per second 
i 1 er primary 
irve »onductor Arrangement of primary return leads 
window One opposite each leg of the core and 20 inches from inner conductor 
re window One opposite leg ‘ nd $5 inches f from inner conductor 
sa One opposite leg ‘‘b’’ and 34sinches from inner conductor 


fore, the results for this transformer may be considered to give a fair 
indication of the errors for transformers of this type when they are 
used for large primary currents, say 3,000 amperes or over 

Current transformer F;, a description of which is given in table 1, 
was tested with se pc mig arrangements of primary circuit. The curves 
in hooves 17 show the performance of this transformer with the loca- 
tions of return le ro causing the largest changes in ratio and phase 
angle. These changes are quite small, and it may be concluded that 
transformers of this type are satisfactory for primary currents below 
2,000 amperes if their cores are small in perimeter and large in cross- 
sectional area. 
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Figure 16.—Performance curves for transformer A3. 
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1820 ; = ‘ . . . 
Jominal ratio —--- Burden 0.3 ohm and 500 microhenries. Frequency 25 cycles per second 
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Center of core window. 
Near leg ‘‘a’’. 
Near leg ‘‘c’’. 
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4. TRANSFORMERS WITH CORES OF RING SHAPE AND SECONDARY I 
WINDINGS UNIFORMLY DISTRIBUTED AROUND THE CORE f 
A 3,000-ampere hole-type current transformer with a ring-shaped 
core and secondary winding uniformly distributed around the core , 
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Figure 17.—Performance curves for transformer ¥3. 
Busbartype. Nominal ratio =. Burden 0.3 ohm and 500 microhenries. Frequency 25 cycles per second. 
Curve Arrangement of primary return leads 
l One opposite each leg of the core and 20 inches from central busbar. ] 
2 One opposite leg ‘‘a’’ and 6 inches from central busbar c 
3 One opposite leg ‘‘b’’ and 6 inches from central busbar. ‘ 
4 One opposite leg ‘‘c’’ and 6 inches from central] busbar. ( 
was tested with its primary winding (1) uniformly distributed around ( 
the core and (2) concentrated on one section of the core. The dif- 
ferences in performance with these two arrangements of primary 
circuit were found to be less than 0.01 of 1 percent in ratio and | 
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minute in phase angle. Therefore, the performance of this trans- 
former was considered to be independent of the arrangement of the 
primary circuit. The core was made of a nickel-iron alloy and the 
diameter of the central opening was only 3 inches. 

A 5,000-ampere hole-type current transformer, G,, with a ring- 
shaped core and secondary winding uniformly distributed around the 
core was tested with several arrangements of primary circuit. The 
curves in figure 18 show the performance for the two arrangements of 
primary circuit giving the largest differences in ratio and phase angle. 
For most purposes these differences (0.07 of 1 percent or less in ratio 
and 4 minutes or less in phase angle) would be negligible. The core 
of this transformer was made of silicon steel and the central opening 
was about 6 inches in diameter. 
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FigurE 18.—Performance curves for transformer Gy. 
Hole type. Circular core. Secondary winding uniformly distributed around the core. Nominal ratio 
5000 
ad Burden 0.8 ohm and 1,000 microhenries. Frequency 25 cycles per second 
Curve Arrangement of primary circuit 


Straight conductor through center of core window, four return leads equally spaced around 
inner conductor and 20 inches from it. 
2 A loop, 12 inches in diameter, of large cable around a section of the core 


The results of the experiments on these two transformers indicate 
that the performance of transformers of this design is nearly inde- 
pendent of the arrangement of the primary circuit. Arnold * has 
shown that this is not the case for certain transformers with cores made 
of a nickel-iron alloy, designed for 5,000 ampere-turns or over. With 
a concentrated primary winding these transformers showed very large 
errors, which could probably be materially reduced by the use of a 


fA H. M. Arnold, Leakage phenomena in ring-type current transformers. J.Inst. Elec. Engrs. (Lon 
don) 74, 413 (1934) 
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silicon-steel core, since silicon-steel reaches its maximum permea- 
bility at a much higher flux density than the nickel-iron alloys. How- 
ever, it must be concluded from Arnold’s paper, that for ring-core 
transformers of over 5,000 ampere-turns, the arrangement of the 
primary circuit may have an appreciable effect on performance. 


V. CONCLUSIONS 


1. The more uniformly the secondary winding of a current trans- 
former is distributed around its core, the less will changes in arrange- 
ment of primary circuit affect the performance. 

2. The actual changes in ratio and phase angle for a given change 
in location of the primary circuit depend not only upon the shape of 
the core and distribution of secondary winding, but also upon the 
core dimensions, the magnetic properties of the core, and the rated 
ampere-turns. 

3. A symmetrical location of primary circuit with respect to the 
core is generally the best for all transformers; however, in some in- 

tances, concentration of the primary circuit around a certain section 
of the core will give ratios nearer the nominal value and phase angles 
eurer Zero. 

1. With a primary circuit consisting of a straight conductor through 
the center of the core window and a return lead divided into several 
sections uniformly distributed around the core, a change in the dis- 

nee from the return leads to the central conductor has little effect 
on performance. The performance will also be nearly the same when 
several primary turns are used if they are uniformly spaced around 


tne core. 
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STANDARD CONDITIONS FOR PRECISE 
PRISM REFRACTOMETRY 


By Leroy W. Tilton 


ABSTRACT 


\ir as a standard reference medium for precise refractive-index measurements is 

liscussed with respect to the precision necessary in the control and measurement 
yf its temperature, voor humidity, and carbon-dioxide content. Particular 
attention is given to the selec ti yn of provisional values for a, the optical tempera- 
ture coefficient for air; and the preparation of accurate correction tables for the 
reduction of refractive-index obhetr kil ms to standard conditions of reference is 
ilescribed and exemplified. 
The approximate range of temperature effects on absolute refractive index is 
indicated; also the range of pressure effects on liquids. A new (empirical) relation 
inde x and density is derived from Pockels’ optical data on elastically 
glass and a basis for quantitative treatment of permissible stress-bire- 
frin isgiven. Forglasses, thecharacter of annealing and the permissible degre¢ 
of str iation are consit lered; and for several media the requisite constancy in wave 
lel oth of light source is determined. 

Tolerance equations are given for all requirements that are quantitatively dis- 
cussed and it is concluded that both precision and accuracy to within + 2 or 3X 107 
can be attained in determining refractive index by the classical method of minimum 


deviation. 











CONTENTS 

Page 
I. Introduction asta aaa ed ait nia " : . 394 
II. Air as a stands ard 1 med lium of reference- r a eS eodiibaakak es aia 
1. Tolerances in measurement and c ontrol « reference medium_. 397 
(a) Temper: wpe - ne pk ena eee roe a ee ok 
b) Pressure of air______-- Ate ee ; _. 400 
(c) Humidity of 1 a : : : 400 
(d) Carbon-dioxide content of ¢ alr... ay. 402 
2. Corrections to standard reference conditions : 403 
III. Requisite constancy and uniformity for refractive media___-_---. 406 
1. Effects of temper rature on refractive media plcceaeS 407 
(a) Thermal coefficients of absolute refractive index_ 407 

(6) Approximate range in temperature tolerances for 
solids and liquids. _--.--..-.-.---- sf os aad ec allan . 408 
2. Kffects of pressure on refractive media__......_.__-_- pices MOS 


(a) Variations in atmospheric pressure 4] 
(b) Stress and birefringence_ --__-_- = scaw SZ 
3. Heat treatment, chemical heterogene ity, and striation of glass... 414 
IV. socnaaite precision in source of radiation . 415 
V. Precision and accuracy attainable in minimum- -deviation refractome try . 41 


393 









































394 Journal of Research of the National Bureau of Standards (voi. i, 


I. INTRODUCTION 


In the practice of precise refractometry a desirable degree of approxi- 
mation to the ideal physical and chemical conditions of measurement 
is seldom realized. Although the necessity for control of some of the 
physical conditions is more or less well known, onlyfa comparatively 
small amount of the published index data is accompanied by adequate 
references to the conditions under which the measurements were 
actually made or to the conditions which are considered as standard, 

The tolerances for variations in air temperature, pressure, and 
humidity have not been explicitly and precisely evaluated, and the 
effects of temperature and pressure on the absolute indices of various 
media are not adequately known. Moreover, the question of the 
effect of heterogeneities in the sample has not hitherto been discussed 
in connection with refractive-index measurements. On the other 
hand, it appears that no attempt has been made to justify or to dis- 
prove the commonly accepted opinion that even a moderate amount of 
birefringence in a medium may make precise index measurements 
useless. 

Certain refractive-index measurements of high precision, that are 
being made in the refractometric laboratory at the National Bureau of 
Standards, have made it necessary to determine the precision with 
which all of the working conditions must be controlled or, in some in- 
stances, quantitatively observed. It has seemed advisable to dif- 
ferentiate clearly between the effects of such conditions on the reference 
medium and on the sample to be measured and, wherever possible, to 
specify on a quantitative basis the requirements and tolerances relating 
to these working conditions; also, to set forth in detail a system of 
accurate corrections to standard reference conditions. However, when 
considering such matters as heterogeneity of the sample and the permis- 
sible degree of its birefringence, the treatment is necessarily limited to 
simple approximations. 

For convenience of reference, the definitions of various symbols 
that are used and explained in this paper are summarized here as 
follows 

a=temperature coefficient of expansion of air at 
constant pressure; also (negative) temperature 
coefficient of refractivity ; 

8=pressure coefficient of volume change at constant 
temperature (often called compressibility), 
that is 


1 (dV . - 
oe (oP ; also, for air, the pressure coefficient 
eX of refractivity ; 
C=total (volume) proportion of CO, in atmosphere; 
C’, C’’, C’’’=constants of proportionality in various equations 
expressing index-density relationship ; 
=excess of CO, above the normal proportion, that 
is, c=C —0.00035; 
d=density ; 


© 


1 Brief historical references have been made in a ormer paper, BS J. Research 2, 912-915 (1929) RP64 
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E=Young’s modulus of elasticity ; 

e=179X10-*/(u,—1); 

y¥=41X107*/(760(u,—1)]; 

K=modulus of volume elasticity or ‘‘ bulk modulus’, 
that is, A=1/8; 

h=wave length of light; 

m=mass; 

»=index of refraction of air, the general subscripts f, 
p, v, and ¢ referring to the temperature, pres- 
sure, humidity, and carbon-dioxide content, 
respectively, while the subscript 0 indicates 
standard conditions of 0° C and 760 mm 
pressure and D specifies a wave length of 
5893 A; 

n=relative (to air) index of refraction of a medium; 

n=absolute (or vacuum) index of refraction of a 
medium ; 

P=pressure of air; 
p=excess in mm of Hg over 1 atmosphere of air 
pressure, that is, p= (P—760); 

p’/v’) and (q’/v’)=the Pockels experimental constants for certain 
glasses, v’ being the velocity of light in the 
unstressed glass; 

s=proportion by volume of striae in glass; 
o = Poisson’s ratio; 
T and t=temperatures on absolute and centigrade scales, 
respectively ; 

T',,,= tolerance in air temperature control and measure- 
ment that corresponds to an error of + 110~° 
in (relative) refractive index; 

T'sp,=tolerance in air-pressure control and measure- 
ment that corresponds to an error of + 1x10~° 
in (relative) refractive index; 

T's,= tolerance in absolute humidity that corresponds 
to an error of + 1X10~* in (relative) refrac- 
tive index; 

T's-=tolerance in abnormal proportion (by volume) of 
CO, in the atmosphere that corresponds to an 


error of + 1X10~* in (relative) refractive 
index; 

T,p=tolerance in hydrostatic-pressure variations cor- 
responding to + 110~® in refractive index of 


liquid and solid media; 

Tan, =tolerance in absolute stress-birefringence corre- 
sponding to an error of + 110~* in refractive 
index (for the transverse ray if n <1.8+); 


T.,= tolerance in wave length of source corresponding 
to an error of + 1X10~° in refractive index; 
V=volume; and, 


=pressure of water vapor in the atmosphere in 
mm of Hg. 
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II. AIR AS A STANDARD MEDIUM OF REFERENCE 


The great majority of all measurements involving light velocities 
are made while using the earth’s atmosphere as the practical standard 
medium of immersion or reference. Since the velocity of light in air 
is a function of chemical composition and also of the temperature and 
pressure of air, it is necessary to specify CO, moisture content, and 
other factors with appropriate precision in order that the measure- 
ments may have definite value. 

The composition of CO,-free dry air has been discussed in a former 
paper. Although this composition appears constant to a high de- 
gree when air is chemically analyzed, it has long been estimated that 
variations in the normal density of air are as large as 5 or 10 parts in 
10,000 and for this reason air is no longer considered a suitable refer. 
ence medium for accurate specific gravities of gases. Statistical 
analysis of existing data indicates, likewise, that the refractive index 
of air at standard conditions is not constant but varies over a range 
perhaps as large as +12X10~’ from a general average value of 
1.0002925 for \=5893 A. Consequently all relative indices of re- 
fraction may be subject to an inherent uncertainty which can be 
estimated as 


An=+12nX1077 (1) 


unless accompanied by reliable measurements on air itself. 

In reducing relative indices to absolute values when direct measure- 
ments on air are lacking, it is probable that this uncertainty is sta- 
tistically diminished by using for y, the index of air, a value properly 
computed * from dispersion data and from an equation that gives the 
sodium-lines index of air for 0° C and 760 mm pressure as 


(up 1 >< 10’= Us-o—kS (2) 


where S is the relative annual sunspot number (for the year in which 
the relative indices were measured) as given in the Wolf-Wolfer series 
of sunspot observations. For use in this equation the parameters 
us-9 and k should be determined from the best available data on the 
refractive index of air for the period in question. Provisional values 
obtained by the writer for the whole interval 1857 to 1934 are, re- 
spectively, 2932.2 and 0.148; whereas for the limited interval 1912 to 
1934, during which a number of very important observations have been 
made, the c orresponding values of the parameters are 2927.5 and 0.079. 
With either of these sets of values for the parameters, however, the 
probable errors of estimates of index interpolated by use of equ: ation 2 
are large, namely +5 and +3>10-’, respectively, and it is readily 
seen that for certain years within the interval 1912 to 1934 two es stl- 
mates can actually differ by 510-7. Extrapolations will probably 
be even less reliable and consequently it appears (see equation 1) that 
uncertainties of + 1 or 2 units of the sixth decimal place of index can 
not be entirely excluded when refractivities of optically dense media 
are measured in CO,-free dry air. From evidence at present available 
it does not seem likely, how ever, that such differences can occur over 
porn of time measured in days or weeks but rather that such possi- 
bilities should be remembered when comparing absolute determina- 
tions separated by or extending over a period of years. 


. W. Tilton, BS J. Research 13, 111 (1934) RP695. 
: Ge equation 22 of this paper. 
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Obviously, it is seldom convenient to use as a reference medium pure 
air having a standard temperature and pressure, and free from CQ». 
Usually it is advisable to allow these conditions to vary continuously 
and to keep adequate records during index determinations. In in- 
vestigating the relationships involved, a unit error of 1 107° will be 
considered as was done in former papers‘ discussing the geometrical 
aspects of prism refractometry. 


1. TOLERANCES IN MEASUREMENT AND CONTROL OF 
REFERENCE MEDIUM 


The most obviously important effects of varying air conditions on 
measured relative indices are those arising from the changes in air 
density through changes in pressure, P, and in air temperature, ig 
(absolute). The relationship between the index of air and its density, 
d, is usually assumed to be that constancy expressed by Gladstone 
and Dale’s law as (u—1)=Cd. Then, in accordance with the ideal 
gas law, PV=RT, it is customary to write for any given wave length 


; 273 4 ye 
(u—1)rp= (io — nF aa (7) (3) 


where uo is a value for standard conditions of 0° C and 1 atmosphere 
pressure, and P is measured in mm of Hg; or, defining p as the excess 
inmm of Hg over 1 atmosphere of pressure, p= (P—760) and 


1+ Bp) 

(u—1) p= (uo— ve pee (4) 
where ¢ is the temperature on the centigrade scale, 8 is the pressure 
coefficient of volume change of a gas at constant temperature (namely 
1/760 for a 1 mm change at a pressure of one atmosphere) and a is the 
temperature coefficient of expansion of air at constant pressure. The 
value of a would be 0.00366= 1/273 for a change of 1° C, at a tempera- 
ture of 0° C, if air behaved like a perfect gas, but 0.00367 if the results 
of experiments on the expansion of air are considered. The only 

blished references to computed reductions or corrections for indices 


measured in air at other than standard conditions have been based on 
these or on similar assumptions. 
Since at constant temperature the proportionality between (u-1) 


and d has been found to hold without serious discrepancy over a 
pressure range of many atmospheres, it is safe to assume that the 
pressure coefficient of refractivity is identical with 8 for such small 
variations in atmospheric pressure as those which occur during index 
measurements and also, for variations which exist between various 
places on the earth’s surface. Concerning a, however, the similar 
semiexption does not seem equally reliable. According to generally 

accepted theories of dispersion, a change in the temperature of a 
medium affects the resonance frequency as well as the mass per unit 
volume. As a result there is a change or “shift” of the effective 
wave length of the absorption band, and for each given wave leenth a 
different secondary salaseratiens influence on index i is superposed on 
that which is directly ascribed to the change in density. Thus it is 


‘L. W. Tilton, BS J. Research 6, 59 (1931) RP262; 11, 25 (1933) RP575. 
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not necessarily true that values of 0 u/dt can be accurately obtained by 
differentiating equation 4 with respect to ¢ and solving for 
Ou a(u—1) ip ‘ 
Ot 1+at 
with a constant value of a determined from the expansion of air or 
even from index data for a single wave length. Instead of such a 
constant ‘“‘optical temperature coefficient’’,> the measurements on 
air by W. F. Meggers and C. G. Peters ® yield an @ varying with 
wave length from 0.00367, at 7500 A to 0.00373, at 3500 A. 

Table 1 summarizes the maul of direct determinations of this 
constant for air. The Gylden value was deduced from astronomical 
observations. Mascart’s value should not be considered because of a 
systematic inconsistency in results obtainable from his data.” Scheel’s 

raBLE | Optical temperature coefficient for air 
Visible range of frequencies) 
Temperature in- 


Observer Reference terval on Centi- | aX108 
grade scale 


el Mém.acad.St Pe etersburg 10, no. 1 (1866); 12, no. 4 (1868)_| Seasonal range 69 
rent K.Danske Vide =e Selskabs Skrifter [5] 10, 485 (1875)_| 1 to 17°, 100 67 
Pogg.Ann. 153, 463 (1874 This ais given as computed | 2 to 95° 303 
bv Benoi 7 
Mascart Compt.Rend. 78, 617-679 (1874); Ann.Sci.Ecole Normale | 5 to 38 382 
Supérieure [2] 6, 9-78 (1877 
l‘ravaux et Mémoires Bur. Int. Poids et Mesures 6, 102 | 1 to 80° 367 
Walk London) A201, 454 (190: 10 to 100 Af 
physik.Ges. 9, 24-36 (1907 192 to 0 73 
parus t.Wash.Pub.no. 249-1, page 137 (191¢ 22 to 100 ] 
Megger Peter ul BS 14, (1918) S327 0 to 30°__. 588.5 
Pérar 3] 6, 223 (1925 0 to 100 571.4 
I 29, 292-298 927 25 to 300 i687 





a is very high, but his temperature interval is much lower than that 
used by the others. Ha selected a=0.00367, for reducing his own 
index of air from 16 to 0° C. Cheney’s temperature interval is much 
higher than that used by the others. A clos analysis of his published 
numerical data shows that a low value of a=0.00364 fits as well or 
better than the conventional value which he considered verified 
Von Lang’s ais too low for serious consideration and no great accuracy 
was claimed for the Barus data.* 

Considering the amount of data taken, particularly the number of 
temperatures used, the results by Benoit al by Pérard are probably 
entitled to special consideration. They used the same me sthod 

Fizeau dilatometer) and to some extent the same apparatus. If 
their values are averaged one has a=0.00369 which agrees closely with 
the average value of a=0.00368, that is obtained from the Meggers 


‘ From inspection of eqt mn 5 one finds that a can be regarded as the (negative) temperature coefficient 
of index of refraction of ai ir | er unit of “excess refractivity’’, as determined for t=0° C and p=0. 

6 Bul BS 14, 697 | 918 $327 

’ If from the experiments which he conducted when investigating temperature effects one discards those 
for temperatures be low the mit idle group, which averages 14.4° C for ¢t, the writer finds that @ 0.00395 is 
indicate ( e other hand, whe n the observations at temperatures above those of the middle group are 
discardec d an a=0.00356 is obtained 

§ It is of interest to note that Barus’ qualitative conclusion concerning the decrease of a for high tempera 
tures is consistent with the trend which ha be en mentioned for some — the data of table 1, partic cularly the 
high value which Sche el found in the very low temperature interval that he used, and the low vé alue which 
the writer would recommend from Cheney’s data 


} 
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and Peters data for those particular wave lengths ° which Pérard 
used. Thus it seems certain that the optical temperature coefficient 
is appreciably larger than the coefficient of expansion which has been 
so generally used. Since the Meggers and Peters values of a@ are 
based on data for such a large number of wave lengths, and sine» their 
average for the visible region is in excellent agreement with the 
average a from the Benoit and the Pérard data, the Meggers and 
Peters values are therefore recommended for all intercomparisons 
between precise relative-index data taken at markedly different 
temperatures. 

The wave-length variation in a is of importance chiefly in the ultra- 
violet region; but even for the visible region, especially for the shorter 
wave lengths, it is in some cases preferable to use the variation ina 
when reducing six- and seven-decimal-place indices to certain refer- 
ence conditions. In particular, when relative indices are used as a 
basis for computing temperature variations in the absolute index of a 
medium, it is desirable to consider the most accurate data available 
on alr. 

(a) TEMPERATURE OF AIR 

Whether @ is regarded as constant or as varying with wave length, 

formal expression for the error in relative index caused by air- 
temperature variations is readily written after considering the defini- 
tive relation 


 — (6) 
m 
which exists between the relative index, n, of a medium and its abso- 
lute index, nm. Since the latter is necessarily independent of air 
temperatures and uv’? is approximately unity 


dn ody 
dt "it 


and consequently, using equation 5, it is found that changes in air 
temperature result in index variations of like sign according to the 
equation 
Na(u—1) tp 
An PAt., (3 
(1+ at) 
irom which precise index corrections may be computed for the whole 
wave-length interval 2218 to 9000 A by using the Meggers and Peters 
values “° of a, which they approximately expressed by the equation 
~ ¢ OMe 
a=0.00367 + (9) 
Dg 
where \ is to be used in microns." 

For the purpose of establishing practical tolerance limits in tem- 
perature control and measurements, 7 is essentially equivalent to n, 
and @ for the visible region Is approximately the ratio 1/270. More- 
over, it happens that the refractivity of air at temperatures between 
0 and 50° C varies only from about 24 to 3010-5 over the range of 





* Pérard used only five wave lengths, all within the visible region, and the data do not seem sufficiently 
concordant either to confirm conclusively or to disprove the variation of a with wave length 
¢ 5 Bul. BS 14 (1918) $327 

For precise refractometry the angstrom is generally favored by the writer as the appropriate unit of 
wave length, but the micron is often more convenient in the writing and using of dispersion equations 








dee page 7 
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the visible spectrum, and ordinary atmospheric-pressure changes of 
p=+30 mm do not materially increase this variation. Therefore, 
with an accuracy of ap prox imately + 10 percent, the tolerance corre- 


sponding to + 1<10-° in refractive-index measurement is 
T's1,' +n '(1+at) degrees C (10) 


or, for work on media having indices of 1.9 and 1.3, respectively, the 
ate-Setnperasure changes of +0.53°(1+at) and +0.77°(1+at) are 


equiva ent to errors of +1>X107-* in the measured relative indices. 
Thus it is evident that a neglect of seasonal changes in air tempera- 
tures may sily affect the cg decimal pli ice of relative-index work 
on any sndinnen even though its temperature coefficient of absolute 


index is negligibly small. 
(b) PRESSURE OF AIR 
For the purpose of arriving at similar correction and toleran: 
“quations for air pressures, one differentiates equations 4 and 6 with 
espect to p and finds that an increase In air pressure results in a 


decreased value of the measured relative index of other media ac« ord- 


ing to the equation 
n Pu l ) tn 
An - . : ~Ap ll 
1-+ Bp) 
irom which precise corrections to Measured Inaices Can De SalIsSlactol 
ily computed. 
Again ap alae ing, as was done with equation 8, equation 11 

reduces to the practical working tolerance in air pressures 

T'sp,= + 2.8n7'(1+ Bp)mm 12 


which is written for an error of +1X<10~° in refractive index and, 
obviously, for the usual small values of p only one term is needed 
Thus for media having indices of 1.9 and Lah, ha rem 
pressure brenaoren s of 1.5 and 2.2 mm are equivalent to variations of 
unity in the sixth decimal place of measured relative ‘aiken of refrac- 
tion. For many localities, therefore, it is apparent that the fluctua- 
tions in b: rome tric pressure within a single working day should not 
be neglected in precise measurements of relative index, and it is certain 
that the alr-pressure arlations that occur over somewhat longel 


periods affect the fifth i cimal of such indices 


{ 


the alr- 


(c) HUMIDITY OF AIR 


The proportion of water vapor in air is such a variable factor, de- 
pending on locality and weather conditions, that it is a difficult 
matter to decide upon any definite proportion as a satisfactory normal 
moisture content of the atmosphere. Consequently it is probably 
ve ‘tter to treat moisture as an impurity and refer all refractive-index 

neasurements to dry air as a standard reference medium. 

L. Lorenz ® gives, for oli um light, a value of up=1.0002500 as the 
index of refraction of water vapor at a concentration of 1 mol in 224 
liters. Comparing this with his index of dry air for equivalent con- 
ditions, he gives a correction of Au,=—0.000041 2/760 to be applied 
to his results on dry air when it is desired to obtain indices for moist 


2 Ann Physik [3] 11, 91 (1880 
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air containing water vapor of v mm pressure. The Cuthbertsons * 
and others ** have confirmed the magnitude of this correction and, 
for the region 4779 to 6708 A, have shown that the dispersion of water 
vapor is closely comparable with that of air. It seems, in fact, from 
experimental evidence, that the coefficient of this Lorenz correction, 
namely, 41 X 107°, should not vary more than +1 X 10~° throughout 
the visible spectrum. 

Since the pressure of water vapor in the air seldom exceeds a small 
fraction of an atmosphere, it seems permissible to assume the equiva- 
lence of optical temperature coefficients for water vapor © and for air, 
and to use the Lorenz humidity correction for all ordinary tempera- 
tures by writing for the whole visible range of frequencies 


(ue— 1) = (u:—1) p20(1 — yr) (13) 


where y=185X10~° is used to replace 41> 107*/[760 (u,—1)]. This 
equation is written for a pressure of 760 mm, but is applicable at all 
ordinary atmospheric pressures. Differentiating equation 13 with 
respect to v gives 


du 
dp = V1) (14) 


and, referring to a similar differentiation of equation 6, it is evident 
that an inerease in the moisture content of the air results in an 
increased relative index of a medium which is being measured therein, 
the error equation being 


An=-+Ny(u,—1) Av (15) 


for use in precise computations of refractive index of the medium 
which is measured in air. 

For an error of unity in the sixth decimal of index, and with suffi- 
clent accuracy for many purposes, equation 15 yields 

T,,= + 20n7!mm (16) 

which shows that the unit tolerances in absolute humidity vary from 
approximately + 10 to + 15 mm of vapor pressure. These figures 
apply to measurements of relative index on media having indices of 
1.9 and 13, re spective ly. Vapor pressures of 10 and 15 mm corre- 
spond at 50° C to 10 and 15 percent in relative humidity and at 30° 
C to 30 and 45 percent, respectively. Thus it is evident that humid- 
ity corrections are not negligible in sixth-decimal-place refractom- 
etry, especially when working in air at temperatures somewhat 
higher than those of ordinary room conditions or whenever there is 
danger of humidities approaching the saturation point (because, for 
example, of leaks in water-jacketed housings used for temperature 
control). 
I iM. Cutt . ertson, Trans. Roy. Soc. (London) A213, 16 (1913). 

tand H. Reindel, Z. physik. Chem. B24, 176 (1934). See, also, P. Hélemann and H. ‘ 

) ame volume. 


e Hélemann and Goldschmidt data (see footnote 14) on water vapor, considered together 
densities of steam, one may deduce a tentative value a=0.0035 to compare with 0.0037 
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(d) CARBON-DIOXIDE CONTENT OF AIR 


After water vapor the next atmospheric constituent of recognized 
importance, so far as - variability is concerned, is carbon dioxide, 
Although the range in its fluctuations is known to be much smaller 
than in the case of w bed vapor, there is a prevalent opinion that 
when using air as a reference medium for measurements of highest 
precision one should eliminate either the CO, itself or the effects of it 
variations. While there are on record some presumably rel liable 
analyses of air showing a carbon-dioxide content as high as 0.3 percent 
by volume, such samples were taken under exceptional circumstances, 
such as in very crowded theaters of an obsolete and most unfavorable 
type, or in rooms with no ventilation, and they h: ave No interest in 
the present connection. Boothby and Sandiford reported that 
outdoor air sampled under favorable conditions varies in its CO, 
content by only a few thousandths . one percent from a normal 
value of 0.036 percent. Similarly, F. G. Benedict " found that out- 
door air does not vary in this dt more than a few thousandths 
from an average value of 0.031 percent, but Hann ** states that the 
percentage of CO, varies from 0.033 to 0.043 in the air of cities. 
Consequently, in view of these small variations, it seems permissible 


and somewhat preferable t to adopt some value, say 0.00035, as the 


normal volume proportion of CO, in air rather than to favor the more 
stringent requirement that a sti aul reference medium must be 
entirely free from carbon dioxide. 
Precise index measurements are, of course, seldom made in outdoor 
but in any well ventilated modern laboratory it is unlikely that 
tne « ‘arbon-dioxide content ever e xceeds two or three times the normal 
ie. In air from the Boston and New York subways, sampled 
just after the rush hours, Benedict found only twice the normal 
CO, content. Moreover he found that an increase in CQ, is accom- 


nied | un equal volume dec rease in O,, and consequently it s the 
nif re nce In the refractivities of carbon dioxide and of oxygen which 
must be a sae il 1 Mm! kins corrections to idices measured i alr 
having an abn al CO, content 


The average bal a number of published '* values of the refractive 
indices of CO, and QO, are 1.000450 and 1.000271, respectively, for 
sodium light, a temperature of 0° C and a pressure of 760 mm. 
Hence a correction of 


Auc 0.000179(C'—0.00035 1] 
should be applied to the measured index of normal air (containing the 
proportion 0.00035 of CO,) at 0° C and 760 mm pressure when it 1s 
desired to obtain the index of air containing the total proportion C ot 
carbon dioxide. 

A comparison of the dispersions of oxygen and of carbon diomde 
shows that the correction given by equation 17 varies only 1 percent 
or less for the visible-spectrum region. Proceeding as with the water- 
vapor correction (part c of this section) and writing c = C— 0.00035 to 
represent excess CO,, one finds for all ordinary temperatures 


(:—1) = (4:—1) eno (1 +e) 


6 Am. J. Physiol. 55, 295 (1921 

’ The Compo: sit ion of the Atmosphere, Carnegie Inst., Wash., Pub. no. 166., pages 110-114 (1912 
sj n Hann’s Lehrbuch der Meteor: re page 5 (1915 

’ See Landolt Bornstein Tabellen 
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where ¢«=0.612 replaces 179 X10~°/(u—1). Differentiating equation 
18 with respect to ¢ gives 


du 
1. €( 4 ,— 1] ) (19) 
de ms 


whence, again using equation 6, it is apparent that the presence in 
laboratory air of CO, in abnormally high proportions results according 


to the equation 


An Ne(u,—1)Ae (20) 


in decreased values for such relative indices as are measured in the 
laboratory. 

For unit error in the sixth decimal place of refractive index the 
corresponding tolerance in volume proportion of abnormal CO, con- 
tent of air is 

T's - 0.006n qt 


with sufficient accuracy for all purposes. Evidently no considera- 


tion whatever need be given to CO, content of air in sixth-decimal- 


place refractometry. Even for the extreme case when a medium of 
inde 1.9 is beine measured, the excess proportion of CQO. must 
reach the high value of 0.003, or nine times the proportion normally 


present in fresh air, in order to produce an error of —110~° in rela- 
tive index. For seventh-decimal-place index work, however, it may 
be ascertained from these results that the normal CQO, content of 
fresh air causes a lowering of approximately 1107’ in the measured 
relative indices of very dense media as compared with the use of 
a standard reference air containing no carbon dioxide. Consequently, 

y be safely inferred that, in general, indices of laboratory air, 
or relative indices measured in such air, are not likely to have any 
precision whatever in the eighth decimal place unless simultaneous 
CO, determinations are made. 


CORRECTIONS TO STANDARD REFERENCE CONDITIONS 


If the working conditions affecting the reference medium are not 
maintained constant at the desired standard values or controlled 
within the tolerance limits as specified above, then it becomes neces- 
sary to observe the existing conditions and make the proper correc- 
tions to the results actually obtained. When it is necessary to 
correct sixth-decimal-place indices to standard conditions, or to 
convert them to absolute indices, the use of slide-rule corrections 
is often lacking in adequate precision and correction tables for these 
purposes are advisable. Their preparation in detail is a profitable 
preliminary whenever numerous data are to be reduced for a limited 
number of spectral lines. For highest precision such tables are 
especially desirable because certain refinements in precision of cor- 
rection need be considered explicitly only during their original 
preparation. 

The writer recommends the use of logarithms in the computation 
of indices, and the evaluation of all corrections in terms of log n. 
One of the first requirements is a double-entry table of barometer 
corrections with barometer temperature and barometer reading as 
arguments. With the temperature reductions * to be listed in this 
table the barometer calibration corrections (for a given instrument) 


y Te perature reductions for use with a Fortin-type barometer and brass scale are given in table 
and 47 of the 4th revised edition, Smithsonian Meteorological Tables 
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are combined and then pit tries are modified to reduce pressures 
from local” to standard ¢ ular g=980.665 dynes. 

Another requirement is a series of double-entry tables (or their 
equivalent), with air pressure and temperature as arguments, giving 
the positive corrections which, when applied to log n, will yield 
log n, of which the antilog is absolute index. The various mem- 
bers of such a series of tables relate to the different spectral lines 
that are to be frequently used for index measurement and _ these 
member tables will differ principally because of the dispersion of 
air. (There is also a slight additional difference because of the 
nonconstancy of a, the optical temperature coefficient of index. 
See discussion in part 1 of section II.) As an example of a member 
table of such a series, table 2 is abstracted (by decimation in each 
argument) from a usefully detailed tabulation for the hydrogen 
line, A=4861 A. 


Taste 2.—Data for converting from relative to absolute index (\=4861 A) by the 


equation log n=log n+log u 












Value of for dr r at v is temper res (with 
P r or O, conte 
pressure 
yom ae @} } 70° C oc 10° C 
(AP=0.06 AP=0.13) | (AP=0.24) (AP=0.44) | (AP=0.77) 
| 
| - 
229 11857 | 11069 1071: 
t 2464 020 20) 10859 
12632 182 572 11006 
12800 2344 11524 11] 
12969 507 11675 11306 
78 13137 HHO 11827 11446 
NOTE Ss 
For each 10 percent of relative humidity subtract tabulated values of AP from air pressure before enter 
} ly y be advisable to reduce log uw by 5 or 10 parts in 10,000 for each increase of 20 in 
4 an ] ber at ver S=46 
If it is desired t ese data wave ler ther than 4861 A, modify air temperature accordit 
table 4 before entering this table. 


In preparing such correction tables in this laboratory, the tem- 
perature and dispersion data as given by Meggers and Peters” 
have been combined with the average value of refractive index, 
u=1.0002926 (for \=5893 A, t=0° C and P=760 mm), which is 
obtained by considering all published data™ and adding a very 
slight correction for normal CO, content. Since the ratio of log 
u to (u—1) is very nearly constant over the whole range in yu that 
is involved in temperature and pressure reductions and corrections, 
the actual computation of air indices is unnecessary except for 0° C 
and 760 mm pressure. The values of log u for all ordinary tempera- 
tures and pressures may be directly computed (see equation 4 and 
citations of footnote 22) from the equation 


1+ Bp g : 4 13.412 ? e26 eer 99) 
log by 7h F tog | 1+(2 884.: 2 * Xx )><10 be (22) 


where a varies with wave length as approximately expressed b 
lee 9, pee \ should be written in microns. 


"1 Gravity reductions are discussed on pages XXXV and XXXVI of 4th revised edition, Smithsonian 
Meteorological Tables. 

#2 See pages 722 and 735, Bul. BS 14 (1918) S ~h 

33 See page 115, BS J. Research 13 ( 1934) RP¢ 
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If, in table 2, the values for a standard pressure are subtracted 
from those for other pressures in the same column, a set of air- 
pressure corrections to the logarithms of observed indices is obtained. 
Table 3 gives such corrections for limited ranges in pressure and 
in temperature variations. Such a table may, of course, be computed 
directly from the basic values of the logarithms for the indices at 
standard pressure, ~o=760 mm. For this purpose the equation 


log ms 
A log py= 760 AP (23) 


is obtained from equation 22. 
TaBLE 3.—Data for referring relative indices to dry air at standard pressure by the 
equation log nz9=log n,+ Alog n. 


Use tabulated values with negative sign when P—760 is negative] 























| 
| Values of 108 x A log n for various air | 
| (P—760 mm) } temperatures 
ex: ss cilieicohaialal oan 
| atmospheric | ; | PAS | 
| pressure 10° ¢ } 20° ¢ | 30° ¢ | 
| | (AP=0.13) | (AP=0.24) | (AP=0.44 
i 

| ote a “| 7. . = 
20 32 314 303 
19 | 309 ' 298 288 
18 292 282 273 
17 276 267 258 
16 260 } 251 243 
| 15 | 244 235 227 

i4 227 220 212 

i3 | 211 204 197 

12 } 195 188 182 

il | 179 173 167 

10 | 162 157 | 152 
} | 146 141 136 
} 8 } 130 125 | 121 
7 } 114 110 106 
| 6 97 94 91 
| 5 j 81 | 78 ] 76 
4 | 6: | 63 } 61 
3 49 47 45 
2 32 31 30 
| l 16 16 15 
0 0 0 | 0 

Note.—For each 10 percent of relative humidity subtract tabulated values of AP from air pressure before 


entering this table. 

Although the direct use of table 2 is strictly limited to the correc- 
tion of indices for the F line of hydrogen, table 3 is applicable over a 
very wide range in the spectrum. In fact, for pressure corrections as 
large as 30 mm the use of table 3 may be extended over the whole 
visible range of frequencies without errors exceeding + 5 x 107° in 
the logarithmic corrections so determined. 

As they are written, tables 2 and 3 both relate to dry ai and must 
be modified because of the presence of water vapor. From equations 
ll and 15 it is evident that any given increase in moisture can be 
represented as an equivalent decrease in pressure, and thus it is pos- 
sible to find a simple system of modifying the actual corrected pres- 
sures to fictitious or pseudo pressures which, when used as actual 
pressures, permit tables 2 and 3 to serve for moist as well as dry 
air. Hence the AP equivalents which appear in the column headings 
of tables 2 and 3. 
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If for any reason it is objectionable to prepare a complete series of 
log uw tables, similar to the single example given as table 2, one may 
use a relationship between Ayu/Ad\ and Ay/At for extending to other 


wave lengths the use of a table written primarily for one particular 01 
til 
ABLE 4 Auxiliary data for extending use of table 2 to various wave lengths m 
ti 
Values of At for modification of air in 
X = wave temperature 

( ( 4( ( 

4K 18 2 ) 24 
410) 70 2. 80 2.9 W 

4201 2. 25 2. 33 4 

4300 R3 1. 90 yet 

4400 1. 45 ( L. St 
4500 1.10 1. 14 1.18 mM 

4600 0. 76 7 0, 82 

4700 0. 48 0. 47 49 

{200 if 0, 18 
4900 0 19 m 
wn ) ) 38 0. 40 t€ 
404 2 t 
rf ¥ 
ARK RR ) 2.04 
Co 
6000 ». 17 2.2 +} 
200 2. 42 2 f , 
4100 é 2.7 88 rl 

6600 2.8 2.98 10 
6800 OF 3 18 31 I 

7K 9} ( 50 
Le 
Faas , —— b 
wave length. For this procedure it is found advantageous to regard n 
temperature as the fictitious argument, and table 4 gives the par- le 

ticular corrections of this type that should be algebraically applied 

to actual air temperatures before entering table 2 for wave lengths t} 
other than 4861 A. de 
qi 


III. REQUISITE CONSTANCY AND UNIFORMITY FOR 
REFRACTIVE MEDIA * 


y . . . Tr . 1 tr 
Uniformity of reference conditions is a necessary but by no means , 

= . Na : 3 noe : . 7 : 0) 

a sufficient condition for high precision in refractometry. Even the + 
absolute indices of refraction of optical media are ratios which may, 0 


for divers reasons, vary from time to time or with respect to coordi- 
nates within the media. Temperature and pressure are obviously 


important factors and, in the case of optical glass, heat treatment 


may introduce not only a variation of index with direction of travel : 
of the light, but also a marked physico-chemical change * in index 5 
that often varies from point to point in the glass although it is nota - 
function of orientation. Moreover, the writer has found that striae a 


in glass, when they exist in well-stratified layers, can affect measure- 
ments of index and of dispersion in a systematic manner that may 
prove misleading in some investigations. Therefore, for consistent 
results in index determinations, it is necessary carefully to consider 
the conditions which cause real or apparent changes in the optical al 


" . : ° 2 
density of media that are subject to measurement. R 
4A. Q. Tool and C. G. Eichlin, J.Opt.Soc.Am. 4, 359 (1920); BS J. Research 6, 525 (1931 A. Q. Tool, . 
W. Tilton, and E. E. Hill, J.Opt.Soc.Am .and Rev.Sci Inst. 12, 490-491 (1926). _L. W. Tilton, J. Wash , 
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1. EFFECTS OF TEMPERATURE ON REFRACTIVE MEDIA 


Comparatively little recent progress has been made in the theory 
of temperature effects on absolute index. It is considered, however, 
that this effect consists of at least two well-defined components which 
may, and often do, have opposite signs. The more frequently men- 
tione d component is the direct result of thermally produced changes 
in density and its sign is always as indicated by the equation 


On a ~ 
A(n): (24 
Ot 
where {(%) is a positive function, which may be variously approxi- 
: " - n?— | ; 
mated (for example as n—1, n?—1, =I 5) etc.). Consequently, for 
79 


media which expand when heated, this change in index is negative as 
temperature increases, and this effect of temperature is not a function 
of wave length but relates primarily to conditions for infinite wave 
length. As mentioned for air in part 1 of section II, the second 
component is ascribed to changes in the resonance frequencies of 


the media. The increase in volume which usu: ally takes place with 
rising tem pon ature is ofte n accompanied by a capacity for absorbing 
liation of longer wave length. Thus, under such circumstances, 


iaiet absorption halide are ‘‘shifted’’ toward the longer wave 
lengths of the visible region while the long wave lengths of infrared 


bands become stilllonger. Obviously, then, these absorption compo- 
nents of temperature coefficients of index are functions of wave 
leng 

The velocity of propagation of radiation of a wave length longer 
than that corresponding to the effective absorbing frequency is 
decreased, while that of shorter wave length is increased. Conse- 
quently, for media whose principal effective absorption bands lie in 
the ultraviolet, this total absorption-band component of refractive 
index usually increases as temperature increases, while the reverse 1s 
true for media with predominant infrared absorption. In most 
optical glass the index change (in and near the visible spectral region 
that is ascribable to _ ultraviolet absorption bands predominates 
over the combined effects of the directly produced density change 
and the change ecaea te shifting of the infrared bands. For some 
crown glasses, however, the opposing tendencies are about equal in 
absolute value, and the index sensitivity to temperature is quite 
negligible. For a few crowns of very low index and somewhat unusual 


chemical composition the density and infrared effects predominate 
and negative temperature coefficients of absolute index are found, 
especially for the longer wave lengths of the visible spectrum. 


4) THERMAL COEFFICIENTS OF ABSOLUTE REFRACTIVE INDEX 


For a few optical glasses temperature coefficients of absolute index 
are readily available through the work of C. Pulfrich * and of J. O. 
teed Also, such coefficients can be readily computed from coeffi- 


‘ Ann. Physik 45, 609-665 (1892 
* Ann.Physik 65, 707-744 (1898) 
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cients of relative index that have been determined by C. S. Hastings, 

Miller, ?* H. Fizeau, * and J. W. Gifford; *° or they may be esti- 
mated from the graphs published by C. G. Peters.*! From a critical 
examination of these data, and also from unpublished results obtained 
in this laboratory, it is inferred that chemical composition is a pre- 
dominantly important factor in determining this thermo-optical rela- 
tionship for glass. Accordingly, it is difficult to make concise general 
statements, with a useful degree of precision, about the quantitative 
effects of temperature variations on the refractivity of glasses. 

At usual room temperatures the values of 10° An/At, for the 
sodium-lines indices of flint glasses vary from approximately 0 for 
some light flints containing barium to +14 for those with highest 
lead content. For low-index olasses it is often considered that the 
temperature coefficients of absolute index are small and that they 


lie within a narrow range as compared with flint glasses. Available 
data confirm this view for the optical crowns in frequent use, the 
range in their coefficients being —1 to +3. Measurements in this 


laboratory show, however, that certain fluor crowns have values of 


—3 while for Pyrex and fused-quartz glasses of similar refractivity 
the coefficients are +5 and +9, respectively. 

For crystals the range in refractive-index sensitivity to temperature 
is greater than for glasses. It is sufficient to mention sylvite, which, 
at room temperature, has a coefficient of approximately —34X 107, 
and calcite with its value of +11 10~° for the extraordinary ray. 

Numerous published data Sonoerning the te mperature coefficients 
of refractive index of liqu ids show that such values are all negative 
direct is nsity effect p pedeniiy ating over that of the absorption shift 
in the ultraviolet) and very much larger in numerical value than 
those for most solids.*? It is nseful 3 remember, however, that the 
percentas ve variations among such temperature coefficients for differ- 
ent liquids are, in general, relatively small compared with similar 

ariations for solids. For a large number of transparent and semi- 
reece nt liquids (including numerous oils) the value of An/At is 
approximately expressed as —410~*, although a number of organic 
liquids have values ranging from —4 to —6X107*. Water with a 
value of 1<10-* is a most im portant exce] tion and, on the other 
hand, there are some ote ally dense liquids which have unusually 
high (negative) temperature coefficients of index, such, for example, 
as —7 and —8 £10 : for methylene iodide and carbon disulphide, 
respectively 

b) APPROXIMATE RANGE IN TEMPERATURE TOLERANCES FOR SOLIDS AND 

LIQUIDS 

When considering temperature tolerances for general refractometry 
it must be remembered that one may have no prior knowledge of the 
media and their temperature coefficients of index. From the values 
given above it is evident that even for glasses known to be the usual 
crowns and light flints, the temperature of the sample during refrac- 


a7 7 An Jy .§ ] 15, 269-275 (1878 

% Publicatione! ) Prelate wit: SP Observatoriums Potsdam 4, 149-216 (1885) 
29 Ann.chim.phys. [3] 66, 429-482 (1862). 

30 r roc c.R oy.Sor London) A91, 319-321 (1915); A100, 621-626 (1921-22). 

ai i.Pap. 20, 63 926) S521 





32 Th he abs i te value of the ratio between tempe rature coefficients of liquids on the one hand and of 
glasses and common optical crystals on the o th er may be very roughly expressed as 100. Consequently, 
for liquids, « CC oeff icients of relative and of absolute refractive index are practically identical, whereas for 
glasses and crystals they frequently are quite different and may be of opposite sign. 
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tive-index determinations must be known within the limits of approxi- 
mately + 0.3° C to correspond to a limiting error of + 1 X 107° in 
index. For Pyrex glasses and for fused quartz the corresponding 
temperature tolerances are + 0.2 and + 0.1° C, respectively. Possi- 
bly, precision and accuracy in temperature measurement within 
approximately these limits can with care be obtained when a glass 
prism is mounted on a spectrometer table and exposed to the air of 
a room in which the temperature is constant or changes but slowly. 
When, however, the denser flint glasses are considered, it is found that 
the tolerances are reduced to + 0.07° C (and even to + 0.03° C for 
determinations with the shorter wave lengths of the visible spectrum). 

Consequently, without considerable prior knowledge concerning a 
particular transparent solid, it is not advisable to attempt sixth- 
decimal-place refractometry unless temperature is controlled and 
measured to within + 0.1° C or better. It is, therefore, highly desir- 
able to provide a constant-temperature prism housing, even for work 
in a constant-temperature room, and to determine all indices with 
respect to a stirred air bath surrounding the prism. 

‘Tolerances in temperature control and measurement during refrac- 
tive-index determinations on liquids to within one unit of the sixth 
decimal place are so strict that there seems to be no published account 
of a serious attempt to reach such precision. The requirements are 

0.01° C for water at room temperature, and approximately 

002° C for liquids of average thermo-optical sensitivity. 


2. EFFECTS OF PRESSURE ON REFRACTIVE MEDIA 


Zehnder * found that water under pressure increases in absolute 
ndex by 15 X10~° per atmosphere at 20° C, and he favored the Glad- 
stone and Dale relation, the constancy of (n—1)/d, when the density 
of liquids is varied by pressure. W. C. Réntgen and L. Zehnder * 

data on similar increases in index for several other liquids. 
\lthough they do not choose between the Gladstone and Dale rela- 
tion and that of Lorenz-Lorentz, their results are in general somewhat 
more favorable to the former. 

I’. Pockels * investigated the effects of unidirectional pressure on 
seven kinds of glass, using Neumann’s equations for expressing the 
influence of elastic deformation on the propagation of light, and he 
found the Newton relation, (n*-1)/d, somewhat more nearly constant 
than that of Gladstone and Dale or of Lorenz-Lorentz. L.H. Adams 
and KE. D. Williamson * also have published results on the relation 
between birefringence and stress in various types of glass and have 
confirmed Pockels’ results where comparisons can be made. 

There is, however, a general lack of direct experimental evidence 
relating to the effect of atmospheric-pressure variations on the abso- 
lute refractivity of transparent media, and particularly so for optical 
glasses. Both Hovestadt *’ and Adams and Williamson have men- 
tioned the conputation of such effects from Pockels’ work and the 
equations of Neumann but, unfortunately, the necessary constants 


Physik [3] 34, 91-121 (1888) 
4 Ann. Phys 44, 49-50 (1891). 

® Ar Physik 7, 745-771 (1902); also, for important corrections, see 9, 221 (1902,) and 11, 652 (190 
% J. Wash. Acad. Sci. 9, 609-623 (1919). 

 H. Hovestadt, Jena Glass, appendix H, page 409 (Macmillan and Co., London, 1902). 
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characteristic of different media are known only for the seven glasses or, 

used by Pockels, and two * of these are unusual alumino-borates. 
(a) VARIATIONS IN ATMOSPHERIC PRESSURE 


Some indications concerning the effects of atmospheric-pressure 


changes on liquid and solid refractive media may, however, be ob- if 
tained from a consideration of the index-density relationships together mi 
with the published data on 8, the compressibility at constant tempera- 0.5 
ture, and on its reciprocal, A, the ‘‘bulk modulus”’ or modulus of 
volume elasticity. If, in accord with Pockels’ results for glass, the etl 
Newton form (n?—1)=C’d is written to express the index-density re- of 
lation for a medium having a modulus A V dP/dV, and a density Tl 
i=m/V, then eX 
me Slap (25 de 
2nk wi 
Wi 
is obtained as the differential relation between ref — index and 
pressure. Or, if the index-density relation is (n—1) ‘’d, one finds 5] 
according to this Gladstone and Dale premise ar 
wi 
n—] Pi 


di= dP (26) a 


as an alternative index-pressure relationship. Similarly, from the 
Lorenz-Lorentz e xpression 


on ii~ 1) (n° T e - 
dn = athe dP 27) 
6nk 
would be written. rs 
In view of the analysis which Pockels made from his experiments Ol 
on glass under pressure, equation 25, rather than 26 or 27, is prefer- as 
able for solids, while from the work of Zehnder and of Roéntgen and si 
Zehnder with pressure applied to liquids it may be inferred that wi 
equation 26 is more suitable for liquid media. The writer has found, ” 
however, that Pockels’ data agree with an index-density relation uD 
iO 
(n?—] Ww! 
( 5) Od fe) 7¢ 
much more closely than with the Newton relation, and consequently 
the differential equation 
= (n*— 1) (m?+2) as 
di : dP 29 T 
10nK 
0 
is preferable to equation 25. Since K=£E/[3(1-20)}, where £ is oI 
. . " — . ° . ‘ e ‘ oO 
Young’s modulus of elasticity and o is Poisson’s ratio, equation 29 5 
may be written 
ae: 6 2a)(n*—1)(n°+2) 7 i " 
dn —— “dl (30) of 
10nE 
a al 
* The Po ls gl listed as 0.428, n=1.5123, was not, as originally supposed, an alumino-borate like his saa 






two oth er cro am glasses but, accordi ng to subsequently published corrections (see footnote 35, p. 409), was 





borosilic The revise ida » from peculiarities which marked the original exhibit. Never , 
theless the errors continue to be pr¢ oper the literature or, as in the International Critical Tables, 2, 
page 106, this important glass is omitted fr “onsideration 
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or, the change in index may be computed approximately from 


—~ 0.15(n2—1)(n?+2) 
An ; din Be BY (31 
nit 


if the constant value «0.25 is used instead of experimentally deter- 
mined values ** which with few exceptions lie within the range from 
0.21 to 0.27. 
Equation 26 has been used in computing An for water, ethyl ether, 
ethyl alcohol, benzene, and carbon disulphide, using for 1/AK averages 
yf several published values for the compressibility of these liquids. 
The results agree within the limits of +10 percent with published 
experimental values. Equation 29, which is based on the new index- 
density relation, has been used in computing An for Pockels’ glasses 
when subjected to changes in hydrostatic pressure, and the results lie 
within approximately + 5 percent of those computed from the actual 
‘xperimental constants in the manner suggested by Pockels. These 
5 percent differences compare with 15 and 20 percent differences that 
are obtained when a similar computation is made by equation 25, 
which is based on the Newton index-density relation as favored by 
Pockels. If, however, the approximate form (equation 31) is used 
nstead of equation 29 the differences are as large as 15 percent. 
From equation 26 the tolerance in atmospheric- or other hydro- 
static-pressure changes for work on liquid media is 


( 


0.00000 1 


4d (32) 
A} 4 (n— ] 8 j 
for a limiting error of + 1107° in refractive index. For ethyl ether 
or carbon disulphide the limits + 12 mm are found, and for ethy] 
alcohol or benzene they are +17 mm. Consequently, pressure cor- 


rections of this nature should not be entirely neglected. The less 
compressible liquids water and glycerin have the correspondingly 
more liberal tolerances of +47 and +72 mm, respectively, and 
they require corrections only for extremes of pressure variations or 
for reductions to standard conditions after measurements are made 
where the prevailing barometer level is appreciable different from 
(60 mm 
From equation 31 one may write 


0.000007nE 


(n?—1) (n?+2) 


7 in p am (33 
as the tolerance in AP for sixth-decimal-place refractometry of glass 
The values of # seem to range within + 10 percent of the average 
0.72 10° atmospheres for borosilicate glasses not containing lead 
oxide or phosphoric acid, and except for a few extremes all other 
glasses seem to have values of E which lie within + 10 percent of 
0.58 10° atmospheres. Hence, considering only the absolute index 
of glass, it is evident that the tolerance in measurement or contro! 
of air pressures is seldom if ever * less than about 1/2 atmosphere, 
and therefore of no moment. 


* R. Straubel, Ann. Physik [3] 68, 409 (1899); or see page 193 of reference cited in footnote 37, page 409 
™ Dee 159 of reference cited in footnote 37, page 409 
" Gla mtaining approximately 74 percent of PbO may perhaps be exception See part b of this 
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In connection with the subject of pressure effects on absolute 
index it should be remembered, however, that corrections of this 
nature should be considered if one attempts a precise comparison 
between relative indices and those observed under actual vacuum 
conditions. In the case of liquids, it becomes imperative, even for 
accuracy in the fifth decimal place, to distinguish between values 
actually measured in a near vacuum (under their own v: por pressure 
and those which are reduced from relative measurements by consider. 
ing only the effect of pressure on the ambient air. 


(b) STRESS AND BIREFRINGENCE 


In addition to hydrostatic-pressure effects there should also be 
considered those effects which are due to unequally distributed stresses 
within media. Such stress distribution is caused, for example, by 
th annealing of glass and by the improper mounting or tight 

amping of optic al compone nts, especially under varying temperature 

conditions. The birefringence that is produced in this manner 
* age A used as a measure of the internal stress and it seems 
desirable, i f possib le, to use birefringence as a measure of that change 
in refractive index which accompanies the stresses.” 

From Pockels’ * work it is possible to express the ratio between 
the change in index, An, or An,, and the absolute birefringence, 
Any—An,. For the ray which vibrates parallel to the axis of stress 


we. 
is (l—20)5 - 
An, _ 20 v (34 

NMy,—An, I+o , /p’ @ 

. (1 TO) Resin ly 

Ny . 

and for the transverse ray 

q’ 
(1—2o¢)- nw 
An, x 26 py’ (35 


Any— An, ite +0)(5- -£) 


where p’/v’ and q’/v’ are experimentally determined constants for a 
given medium and ¢ is Poisson’s ratio. For glass in the index range 
1.5 to 1.75 the Pockels’ data lead to higher absolute values for the 
transverse ray ratio, while for his glass of n=1.96, equation 34 gives 
the larger ratio. Consequently, it may be ar that the tolerance 11 
absolute stress-birefringence Any=(Any—An,), in millimicrons pel 
centimeter, for sixth-decimal-place measurements of refractive index 
is at least as large as 


Tan,= + — ;—>~ millimicrons per cm (36) 





42 For clearness it may be necessary to mention that any piece of unannealed glass in which such stresses 
exist is a balanced system involving both tensions and compressions so that the index changes which are 
produced are of opposite sign and offset each other. (See L. H. Adams, J. Franklin Inst. 216, 39-71 (1933) 
Nevertheless, portions of the glass may show an average bire fringence of a given sign and therefore ex- 
perience a comely changed index. Such lim ite 1d portions of the medium should be individually 
considered because such a procedure corresponds ¢ losels to conditions under which optical-glass components 
are often measured and used, namely, at partial rather than at full apertures : 

“@ Ann.Physik [4] 7, 745-771 (1902); also for important corrections, see 9, 221 (1902), and 11, 652 (190). 
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where the denominator is computed according to equation 35 for 
glasses of index <c1.8+ and by equation 34 for glasses of index >1.9, 
approximately. ' 

Equation 36 with each of these denominators written in turn, has 
been used in computing the corresponding values of this tolerance for 
the seven Pockels glasses, and figure 1 shows the chief results. It 
does not seem clear where the curves of this figure should cross “ and 
accordingly they are not drawn in full. In any event, it is evident 
that stress-birefringence differs greatly in the degree of sensitivity 
with which it can serve to measure the variations in index which may 
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4 5 1.6 \7 rE) 419 2.0 
REFRACTIVE INDEX OF GLASS (no) 
Fiat |.— Tolerances in stress-birefringence for optical glass on which refractive 
index 1s measured to +1107. 


tion is indefinite, the safer tolerance is obviously that indicated by the lower curv« 


exist because of the stresses in various kinds of glass. For flints it is 
obvious that the birefringence present should be much lower than for 
crowns, and consequently the annealing requirements and schedules 
for flints should not be too readily neglected because of the compara- 
tive ease with which their stress-birefringence seems to be reduced. 
Nevertheless, remembering the Rayleigh limit of one-quarter wave 






ath ludes that p’ must equal q’ for some glass containing about 74 percent of PbO (index 1.8+-) 
and from equations 34, 35, and 26 it seems that for p’ and q’ not zero the crossing of the curves 
of figure 


; : 1 occur at zero tolerance (at least for all values of o other than 0.5, which is the limiting value 
for the case of an incompressible medium). On the other hand, for s=0.5 when p’=q’, or whenever p’=q’ =0, 
the ordinate of the point of crossing appears indeterminate as judged from these equations, 


118587—35. ~4 
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length of permissible phase difference and the resulting requirement “ Pp 


ic 

that optical glass be uniform in index within +0.000007 per em, it t| 

seems that tolerance limits of from 5 to 10 my birefringence per cm D 

are of a proper order of magnitude for most of the requirements of n 

optica classes re 
0) 


3. HEAT TREATMENT, CHEMICAL HETEROGENEITY, AND " 
STRIATION OF GLASS 








When a piece of glass has been annealed in such manner that the 0 
stress-birefringence is within the tolerances shown in figure 1 it is 

ery likely that it is also homogeneous in phy sico-chemical sense, a 
The work of Tool *° and others has shown, however, that there is a M 
possibility of residual inhomogeneity that can be caused by furnace- U 
temperature gradients during the annealing and which may not be S 
accompanied by appreciable birefringence in the finished product in 
The sensitivity of optical glass to variations in annealing temperature 0 
is such that decreases in refractive index of from 2 to 6x10 are m 
found in various glasses at ordinary temperatures corresponding to 
increases of 1° C in the annealing temperature.’ These annealing- In 
temperature coefficients of index of glass are in general approximately s 
ten times large as the ordinary temperature coefficients of refrac- 
tive index, ‘+h were considered in part 1 of this section 

In measuring refractivities to five or six decimals, and when making 
intercomparisons of such results, it is necessary, therefore, before aa 
drawing inferences and conclusions, to consider the possibility of small me 
temperature gradients in the annealing furnaces and also to remember 
the great difficulties of securing sufficiently exact duplications of 
annealing temperatures and cooling rates during runs in different We 
furnaces or even In successive runs Of a given furnace jae 

Before the optical effects of nonuniform heat treatment were known, yon 
it was considered difficult o1 perhaps impossible to secure che ical six 
homogeneity to the extent necessary for refractive-index uniformity 
to the sixth or even to the fifth decimal place, even when concerned 
with distances of only a few centimeters in good optical olass A 

ireful stud and analysis of Fntz Eckert’s * investigation SHOWS, 
however, that after ‘‘fine annealings”’ the maximum spread chargeable ma 
to chemical heterogeneity within each of three melts of a barium 
flint glass was 1x 10~° or less in refractiveindex. Also, a report on sol 
careful annealings of six lens blan! S al this Bureau ** shows that the qui 
chemical heterogeneity, if any, was confined entirely to a few units of hig 


the sixth decimal place of refractive index 
Such gross and intensely localized heterogeneities as striae do not 
occur to any large extent in the best optical class, but it Is sometimes 
desirable to extend minimum-deviation measurements to less perfect 
olasses Consequently, it would be of interest to know the extent to 
which striation can be present without seriously affecting index 
measurements. Unfortunately little definite information is available 

Striae commonly exist in two well-known forms—as ‘“‘cords”’ or 


‘veins”’ and as sheet striae or ‘‘ream.”’ Their optical properties are 


me 








f 
See page 720 of BS Sci 1928) S572 
“A. Q. Tooland C. G J.Opt.Soc.Am. 4, 359 (1920); BS J. Research 6, 525 (1931) RP292 
“* A.Q. Tool, L. W.7 Hill, J.Optical Soc. Am. and Rev.Sci.Inst. 12, 490-491 (192¢ 4. W 
Tiltor Wash.Acad.S ) lso Annual Report of the Director of the Bureau of Stand- 
) n es ; 1, and 25, of years 1925, 1927, 1928, and 1929, respec 
*S Ze I 7, 282 
‘ "V a. N lool, BS Sci.Pap. 22, 719 (1928) S57 
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of course, different from those of the adjacent media, and apparently 
there is a rather abrupt transition © at the interfaces. According to 
prevailing ideas it may perhaps be assumed that in general the 
principal and only important effect is a scattering of light, which 
results in loss of contrast and consequent poor definition of the image 
of the collimator slit. This is probably true if the striae are present 
mainly as cords and if they do have abrupt boundaries. 

On the other hand, when the striae consist of well-stratified layers 
0 extensive sheets of ‘“‘ream’’ the conditions are quite different. 
Unless the planes of stratification are approxim: ately parallel to the 
light p ath _ all of the rays traverse striae and suffer a consequent 
eceleration or retardation, but it is usually found that an image of 
the slit is fairly well outlined even when one uses prisms in which such 
striae are very numerous. If ~ striae are so thin, or the difference 


in refractive index so small that beams emerging from adjacent kinds 
of glass differ in phase by les ; the un one-quarter wave length, then the 
measured deviation produced by such a composite prism corresponds 
to that for a similar prism having a fictitious index, n3, intermediate 
in value between n, and no, indices of the ‘‘normal”’’ glass and the 


respectively. In fact, if s is the proportion by volume of the 
present, one may write 


N3=N +8(Ne—NYy (37) 


l « 


n estimated condition which seems probable for the case of a quasi 


regular composite prism of this type. 

Since striae may differ in index from the normal glass by 3107‘ (an 
iverage of some values which were observed by Smith, Bennett, and 
Merritt) it seems that the presence of certain types of striae in amounts 
exceeding 0.3 percent of the whole volume of glass should be consid- 


ered a potential source of errors that may appreciably affect the 
sixth decimal place of refractive-index determinations. 


IV. REQUISITE PRECISION IN SOURCE OF RADIATION 


It is desirable to know to what extent doublets and complex lines 
may be used in sixth-decimal-place refractometry, and to decide 
whether or not it is necessary to spec ify the conditions under which a 
source of radiation is operated. For such purposes it is sufficient 
aeatialive ly to consider the dispersion in relative index for a few 
highly dispersive substances. 

If the simple Cauchy dispersion formula 


b 


n— l =a 2 (38 


is written to approximate (with two constants) the result of experi- 
ments over a limited spectral interval it is evident that 


9 
dn _2b (29) 
dx DN 
A. A. Michelson, BS Sci. Pap. 15, 41 (1919) 8333 


A. H. Bennett, and G. E. Merritt, BS Sci.Pap. 16, 75 (1920) S373. A. Arnulf, Rev 
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‘an be written to show how refractive index varies with wave length 
within the specified interval. Consequently, one may consider 


5d 


~bx< 10° (40) 


Ta= 4 


as a suitable tolerance in wave length of source for a limiting error of 


1 <10~° in index. 

For use with wave lengths measured in angstroms the constant 6 is 
seldom as large as +25 or +30X10° (values for carbon disulphide and 
densest flint glass of index n,=1.92, respectively, computed for the 
shortest wave-length region of the visible spectrum) and thus any 
uncerts unty or variation in the source of less than +0.01 angstroms 
is not of consequence for wave lengths longer than approximately 
4000 A. For the great majority of substances on which refractive 
indices are precisely determined, the tolerance is appreciably more 
liberal. Water and fluorite, for example, have the corresponding 
minimum or safe tolerances of +0.10 and +0.13 A, respectively. 


V. PRECISION AND ACCURACY ATTAINABLE IN 
MINIMUM-DEVIATION REFRACTOMETRY 


In this and in previous papers ” many of the difficulties of precis 
prism refractometry, particularly by the minimum-deviation method 
have been discussed. The number, N, of sources of error is fairly large 
At least nineteen of them have been quantitatively discussed in these 
investigations and the discussions are briefly summarized in table 5, 
Several of the errors, say (N—WAN;,) of peer are easily held withi 
limits which are small compared with +1X10~° in index. In no r- 
spect is it found impossible, and in few if any instances does it seem 
unreasonably difficult to control or correct wit hin that tolerance limit. 
= the exception of error arising from incorrect prism orientation 
prac ‘ally all contributions to the final error in index are eq ual 
like iy ) have positive or negative signs in any extensive and well- 
apn Al observational program. Consequently the algebraic sum is 
never large. 

If, as an approximation to the worst case, N, of the contributed 
errors are large compared with the rest and are all about equal i In 
absolute value, say 110~°, then the probable error in the final index 
is ¥N,10-*. For several years the individual tolerances correspond- 
ing to + <10~* have been used in this refractometric laboratory and 
it seems that probable errors in refractive indices precisely determined 
by the minimum-deviation method seldom exceed +2 or 3X10" 
Hence the existence of some five or ten fairly important sources of acc: 
dental error is inferred. Whenever less precision is obtained after th 
expenditures of reasonable effort in the use of fairly good equipment 
the difficulty is probably to be sought not in any one or two particularly 
important sources of error but in a combination of several matter 
which have been overlooked or deliberately neglected as inconse: 


quential. 


59 See references listed in table 5. 
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It is a much more difficult matter to state precisely what accura, "y 
is attainable. Tests of the accuracy of angle measurement by the 
use of a prism polished on all three faces are of fundamental impor. 
tance. ‘Torsion and mechanical strains in the goniometer constitute 
a particularly dangerous source of systematic error which is seldom 
entirely constant and cannot always be effectively eliminated. 
Fortunately, those errors which would be systematic if neglected are 
automatically replaced by residual accidental errors when proper 
corrections can be and are applied. In this laboratory no reason 
has been found for suspecting that residual systematic errors 1n pre- 
cise index measurement with a spectrometer are materially in excess 
of the precision which is attained. 


WASHINGTON, January 26, 1935. 
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EFFECT OF GRANULOMETRIC COMPOSITION OF CEMENT 
ON THE PROPERTIES OF PASTES, MORTARS, AND 
CONCRETES 


By J. Arthur Swenson, Lacey A. Wagner, and George L. Pigman 


ABSTRACT 


Data obtained in studies of five laboratory-ground clinkers and one commercial! 


cement are presented. Each of the ground clinkers Was separ: ited into the fol- 
lowing five nominally sized fractions: 0 to 7, 7 to 22, 22 to 35, 35 to 55, and >55 
microns. The commercial cement was separated into only four fractions, no 
separ ition being made of the material coarser than 35 microns. Tests were made 
yn the individual fractions as well as on four cements prepared by blending the 
fractions in various proportions. The specific surfaces of these blended cements 


ranged from 1,350 to 3,300 em?2/g. It was found that the 0-7 micron material is 
very valuable because of the plastic qualities which it confers upon the concrete 
mixes and also because of the high contribution which it makes to the early 
strength. The other four fractions were found lacking in plasticity and the 
ability to hold water, and the rate of strength development decreased with 
increasing grain size. The contribution of the 0-7 micron fraction to the strengths 
of the blended cements was calculated by an algebraic method based on the 
assumption that the contribution of any fraction to the strength of a blended 


cement is equal to the product of the decimal part of the blend composed of that 
fraction ar nd the strength of the fraction when tested by itself. The values thus 
calculated were found to be of the order which might be expected. The analysis 
of all the strength data tended to prove that the compressive strength of concrete 
is very nearly a direct function of the amount of cement which has reacted with 


water. When the strengths were plotted against specific surface, one line was 
obtained for the blended cements and another line for the individual fractions. 
When these same strengths were plotted against quantities which should at least 
be approximations of the amount of hydrous material, all of them fell on one line. 
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I. INTRODUCTION 


The importance of knowing the relation between the particle-size 
distribution of cement and the prope rties of concrete has become more 
and more apparent during recent years. The study of high-early. 
strength cements has shown that the fineness of grinding greatly 
affects the sas of increase in strength. The development of plant 
equipment, such as finishing mills with air separators in closed circuit, 
making it eae to control the grinding much more closely and 
economically, has made the problem even more pertinent. 

A considerable amount of work has already been done on the prob- 
lem in other laboratories, both in this country and in Europe. Ap 
active controversy on the subject has been carried on in German 
technical publications during the past three or four years. Some of 
those who have contributed are Hans Kiihl,! D. Steiner,? W. Weis. 
gerber,? Hagermann,* E. Rissel,® A. B. Helbig,® and A. Eiger.” The 
problem has also been studied in France and Sweden.’ In this coun- 
try, the Portland Cement Association is at the present time carrying 
out an investigation of the subject at its Chicago laboratories.’ § 
Rordam, of the Cowham System Mills, has also published results of 
an investigation which he carried out.!° Nevertheless, there stil] 
remains much to be done upon this problem, and the investigation 
described herein was undertaken with the hope of clearing up some 
of the controversial issues 

In this report the results obtained in studies of five different !abora- 
tory-ground clinkers and one commercially ground cement are pre 
sented. The clinkers were ground in laboratory mills without any 
gypsum being added. One of these clinkers (no. 5) was of the high- 
early-strength variety; the other four (nos. 1 to 4) were ordinary 


portiand-cement clinkers. The commercial cement (no. 6) was & 
double-burne d no natemning brand of sly in manutacture. 

After the clinke es id been ground to the desired degree of fineness 
and dried at a tem nape iture of 110 C. they were separated into five 
size fractions by means of air elutriation. The nominal size ranges of 
the fractions were 0 to 7, 7 to 22, 22 to 35, 35 to 55, and 55 microns to 


the maximum size passing a no. 50 sieve. For the sake of brevity, 
H. Kiihl, Zement 
2D. Steiner, Toni 
W Weisgerbe r, 
4 Higermann 








30 (1930); Tonind.Ztg. 55, 674 (1931); Zement 20, 169 (1931). 
(1931 


V. Bahrner, Tek. Tidsk. 59, 114 (1929) ; 
* Report of Conservation Bureau and Research Laboratory, Portland Cement Association, Spring 
Meeting of 1932 
®S. Rordam, Rock Products, p. 22 (July 30, 1932). 
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the designations 0-7, 7-22, 22-35, 35-55, and >55 will be used 
throughout this paper except in those cases where it may be advan- 
tageous to insert the word “micron.” The foreign cement was so 
finely ground as delivered that it was possible to obtain only one 
sufficiently large fraction of material greater than 35 microns. This 
cement, accordingly, was separated ‘into the four nominally sized 
fractions, 0-7, 7-22, 22-35, and >35 microns. 

Studies were made of neat pastes, mortars, and concretes using 
each of the fractions individually as well as four blended cements 
prepared from the fractions. The fractions of the four ground port- 
land cement clinkers and those of the commercial cement were tested 
without the addition of gypsum and also after 3.6 percent of gypsum 
had been added. Those of the high-early-strength clinker could not 
be tested without gypsum because of the quick initial set. It was 
found that 3.6 percent of gypsum was sufficient to retard the set of 
all but the 0-7 fraction of this clinker; the 0-7 fraction required 10 
percent. The blends of the four portland-cement clinkers were tested, 
like the fractions, with and also without the addition of 3.6 percent 
of gypsum. Those of the high-early-strength clinker and the com- 
mercial cement were tested only after gypsum had been added, 3.6 
percent in all cases except that of the finest blend of the clinker, to 
which 6.5 percent had to be added. 

Throughout the remainder of this report the laboratory-ground 
clinkers will be referred to as cements, except when the context makes 
the use of the word “clinker” more desirable. 


II. PREPARATION AND CHARACTER OF FRACTIONS 
AND BLENDED CEMENTS 


1. FRACTIONS 


(a) DESCRIPTION OF ELUTRIATION STACKS 


The fractions were prepared in three air-elutriation stacks. The 
separations at 7 and 22 microns were made in the two stacks shown 
in figure 1. These two stacks operate in parallel, one blower supply- 
ing the air, which first enters the bottoms of the stacks, then passes 
upwards to the lead-off pipes connected to the dust collectors where 
it is forced through canton-flannel filtering bags before returning 
again to the blower. In the return lines, between the dust col- 
lectors and the blower, there are changeable orifices by means of 
which, together with differential pressure gages, the volume of cir- 
culating air, and hence the velocity of the air in the stacks, is con- 
trolled. A portion of the air from the blower is constantly by-passed 
through a refrigeration unit where it is cooled down to about 23° F. 
Upon 3 returning to the blower the temperature of this air is raised to 
about 90° F. This process reduces the relative humidity to about 
10 percent. Since the whole system is closed and there is no oppor- 
tunity for the air to escape, the humidity of the circulating air is 
always kept very low. The stack in which the 35- and 55-micron 
separations were made is not shown in the figure, but it is of essen- 
tially the same design. The two stacks shown in the figure are 22 
inches in diameter and have 6-foot straight sections with 4-foot cones. 
The third stack is 11 inches in diameter and has a 7-foot straight 
section with a 2-foot cone. 
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(b) METHOD OF SEPARATING 


In making the separations the material was first blown in the two 
large stacks until most of the particles less than 7 microns in diameter 
had been removed. The next step consisted in blowing the residue, 
which was nearly all greater than 7 microns, in the same stacks at 
such a velocity as to effect a separation of a 7-22 fraction, which was 
caught in the filter bags. The residue was then blown in the 11-inch 
stack so as to yield a 22-35 fraction, which in turn was collected in 
the filter bag. After removal of the 22-35 fraction, the 35—55 frae- 
tion was blown off and collected. The residue from the last separa- 
tion was sieved on a no. 50 screen, the material passing being desig- 
nated as the >55 fraction. Each of the fractions was separately put 
through the stacks again and reblown at the lower size limit until 
shown by microscopic examination to be free from undersized mate. 
rial. It was found necessary to do this because the fractions as caught 
in the filter bags always contained a considerable amount of under- 
sized material, caused by abrasion of the particles in the lower part 
of the cones. By this reblowing process a clean fraction was always 
obtainable as a residue from the lower outlets of the cones. 


c) CHARACTER OF FRACTIONS 


Photomicrographs of typical fractions are shown in figures 2 and 3. 
Size-distribution curves for the fractions of three of the cements were 
obtained by means of microscopical measurements and counts. The 
fractions were mounted on microscope slides in an oil having a refrac- 
tive index of 1.55.'!! The particle images were projected on a screen 
and measured with a calibrated rule. All the particles in a definitely 
bounded area in the middle portion of the field were measured and 
counted. In making the measurements an attempt was made to 
arrive at the average visible diameter of each particle; the ‘‘ diameter” 
taken for an elongated particle was the mean of the longest and 
shortest visible dimensions. Different magnifications were used for 
different sized fractions; the finest fraction was magnified 5,700 times 
and the largest sized fraction 625 times. The weight-size distribution 
curves for the fractions of cement no. 4 are presented in figure 4. 
Those for the other two cements were quite similar. The size desig- 
nations 0-7, 7-22, 22-35, 35-55, and >55 microns were arbitrarily 
chosen. It is seen in the figure that any two successive fractions 
overlap considerably. 

The total surface area contained in unit weight of material, or what 
is commonly called the ‘specific surface’”’, was calculated for each of 
the fractions from the data used in plotting the distribution curves. 
The relation between specific surface and distribution is given by 
the equation 


Ynd 
Ss 19050 
° >nd ie 


where ss is the specific surface in cm’ per gram, n is the number of 

particles of diameter d microns, and 19050 is the surface in cm? of 
rT’ 

one gram of particles of diameter 1 micron and density of 3.15. The 


For a discussion of the effect of the refractive index of mounting medium, see A sedimentation methos 
for the determination of the particle size of finely divided materials (such as hydrated lime), by Dana L. Bishop, 
BS J. Research 12, 173 (1934) RP642 
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specific surfaces obtained by this method for the fractions of cements 
|. 3, and 4 are given in table 1 (A). Each of the values given is the 
average of the values obtained by calculation from measurements of 
100 or more particles from each of two slides. 
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Figure 4.—Size distribution of fractions 
TABLE 1.—wSpecific surface data 
S irface of fractions as determined from microscopical count 
Specific surfaces of fractions 
Cement n 
U- ips 7 22u 22 35u 35-55 55 
cm+</g cm*/z2 cm+/Z cm-/g ‘/g 
6600 1470 800 44() 240 
5000 1280 640 380 170 
n 6380 1300 680 440) 225 
Average 6000 1350 710 $20) 210 
3) Pr n of each fraction in blends and specific surfaces of blended cements 


Percentage by weight, of fractions 
Specific 





Blend ee a urface | 
O-7u | 7-22u | 22-35u | 35-55yu Sus 
cm¢/g 
F 20 20 mI) 20 ) 1750 
2 Se 30 32 25 10 3 2450 
1 47 24 20 7 2 3300 
I 12 23 20 13 32 | 1300 | 


' Calculated from average microscopical values for fractions of cements 1, 3, and 4 
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TABLE 1.—Specific surface data—Continued 





| | 
—_——| — 

cm-/g | cm*/Z cm +/g 

2490 | 2460 | 1240 

2470 | 3190 | 1360 

20) 22 2950 1270 
2 2610 50 | 1280 | 

224 2945 113¢ 


(d) CHEMICAL COMPOSITIONS OF FRACTIONS 


Complete chemical analyses were made on the whole cements and 
on all of the fractions before any gypsum was added. ‘The results of 
these analyses, together with the calculated percentages of dicalcium 
silicate (C.S), tricalcium silicate (C,S), tetracalcium alumino-ferrite 

C,AF), and tricalcium aluminate (C,A) are given in table 2. The 
[aBLE 2.—Chemical compositions of whole cements and fractions and compound 
compositions calculated on ignition-loss basis 






A120 C38 C258 C,Al 
ns ent | / t\ J t) Per til ent| Percent | Ff ent) P. t| J 
‘ 4 G5. 6.9 | 56 19 | l 
$ 2 5 ) 14 
2 $ 5 | 1 
8 7 { i 4 
4 | - | 
4.4 d $ 2 
€ > y 4 ye 6. ¢ 4 2 8 
ot 2 f 2 | 2 6.4 7 20 
2 2 6. § } 23 | 
eC a 4 » | 
2 | 
9 | , 
4 i " ve 
At : - - | is | 4 
l 9 f 2 ‘ 62 | 4 14 
| 29 | f 9.2 ( 64 12 ] 
) 2 5 | 4 f 2 6. ¢ 56 270 | 
| ( 2 | 7.1 19 | 2 7 
| 
f 9 5] 7.0 4f | 28 S l 
\ ( yA * f) 4 e } } ee 9 7 
| 2 65. 7 4.2 64 | l 2 a 
| 29 ‘ 2 64 | 12 
2 24.7 { 1 | 
| 
2 4 46 | 7 
| f 4 8 43 | 8 
W le é ( t 2 | 6.9 72 | 2 
7 2.2 2.5 | 6.8 72 1 | 8 i 
1-22 7 20. 4 7 2.4 6.7 Li } S| i 4 
2 : v ac 7) | | ~f 
0. 8 2.5 7.3 72 8 
0 oe 2 7.4 7 3 8 
le H 69. 4 ( 7 63 14 
he 7 7 0.4 LO 49 10 
22 20.3 7 ( 1. { 76 l 
| 2 3.8 7 ( l 1] 
| 5 66.8 0. f 2.0 1 35 4 
Piti {ULE | rot ble hat ee 1 OW i vdrated in | there 1s therefore some doubt as to Its 
I omp i Che amou ’ present were determined by the ammonium-acetate 
N elds both Ca(OH nd Cat nd were found for the whole cement and the fractions as 


llows: 11, 24, 12,4, and 1. In calculating the compound compositions given in the 





vas assun ye all CaO although it possibly consisted largely of Ca(OH)s. Since 

é ywing tl source of the so-called free lime in a partially hydrated cement, the 

I ) n cannot t ilculated with certainty. If the CsS and CS in the ‘‘whole” fraction 

ure r the condition before the partial hydration (i. e., assuming no uncombined CaO) it is 


f yund th 4t there were present of 80.0 percent of C38, 0.0 of C2S, and 7 of uncombined CaO. 
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data on the five ground clinkers have been previously discussed in a 
paper entitled Chemical analyses of the particles of various sizes of 
ground cement, by E. T. Carlson and P. H. Bates,’* published in the 
Oct. 22, 1932 issue of Rock Products. 

As was brought out in this previous paper, the datafshow that there 
is a considerable amount of variation between the different fractions 
of any one cement as to chemical composition and potential compound 
composition. The finer fractions are in all cases higher in ignition loss 
than the coarser ones. The tricalcium silicate shows a tendency to 
he more concentrated in the finer, and the dicalcium silicate in the 
coarser fractions. The tricalcium aluminate and the tetracalcium 
alumino-ferrite seem to be about equally distributed between the 
fine and coarse particles. 

The nonstaining cement, no. 6, which had not been analyzed at the 
time that the first paper was published, differs from the others in that 
it contains a very high percentage of ‘‘free” lime. The fact that most 
of this so-called ‘‘free’’ lime is found in the 0-7 fraction tends to indi- 
cate that this lime actually occurred largely in the hydrated form. ! 


ry, 


In other respects the cement exhibits the same general tendencies as 
the clinkers. When allowance is made in the case of the 0-7 fraction 
for the large portion of the lime which was not contained in the four 
usual constituents, the difference in tricalcium silicate between this 
fraction and the next two is very considerably reduced. 

(e) ADDITION OF GYPSUM TO FRACTIONS 


In adding the gypsum to the 0-7 fraction, the total required amount 
was first mixed with one kilogram of cement for one-half hour in a 
small mill containing a charge of stone pebbles. This mixture was 
then transferred to a larger mill, the remainder of the cement and a few 
wooden balls were added, and the mill was rotated for one-half hour. 
In the cases of the other four fractions the required amount of gypsum 
was added directly to the total amount of cement and the whole mixed 
with wooden balls for one-half hour. The gypsum used in this in- 
vestigation was ground so as to be about 50 percent finer than 4 
microns and 90 percent finer than 8 microns. 


2. BLENDS OF FRACTIONS 
(a) PROPORTIONS AND SPECIFIC SURFACES 


The proportions of the fractions and the specific surface data for 
the blended cements prepared from the fractions, for cements 1 to 5 
inclusive, are presented in table 1 (B) and (C). The specific surfaces 
were determined by direct calculation from the microscopical values 
for the fractions and also by means of the Wagner turbidimeter." 
The weight and surface distributions are shown graphically in figure 5. 

In preparing the four blends of cement no. 6, a total percentage of 
>35-micron material, which was equal to the sum of the percentages 
of the two largest sized fractions in the corresponding blends of the 
other cements, was used. Since this >35-micron material of cement 
no. 6 consisted mostly of material finer than 55 microns, its substitu- 
tion for the >>55 fraction as contained in the blends of the other 


€ data are the same except that in the previous paper the constituents were presented as calculated on 
1€ NO ignition-loss basis. In order to more accurately define the actual sizes, the nominal sizes 22-35, 35-55, 
ind >55 have been adopted instead of 22-45, 45-75, and >75, respectively, for the largest sized fractions. 
Zach of the nine hydrated limes studied by Bishop contained at least 60 percent of material finer than 10 
microns. Quicklimes are very seldom ground to such a high degree of fineness. See footnote 11, p. 422. 
4 Proc. Am. Soc. Testing Materials 33, II, 553 (1933). 
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cements probably had the effect of making the specific surfaces of the 
no. 6 blends slightly greater than those of the other 5 cements. No 
specific surface determinations were made on the blends of cement 
no. 6. 
b) METHOD OF PREPARATION 

The blends without gypsum were prepared by placing together the 
properly weighed fractions in a laboratory mill and mixing with wood. 
en balls for a half hour. The same general procedure was used ip 
adding the gypsum to the blends as was used in adding it to the 0-7 
fraction. The gypsum was first mixed for one-half hour with one 
kilogram of 0-7 material in a small mill with a small charge of stone 
pebbles. This mixture was then transferred to a larger mill; the 
remainder of the 0-7 and the proper weights of the other fractions 
were added, and the whole was mixed with the aid of a few wooden 
balls for one-half hour. 
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III. DESCRIPTION OF TESTS 


Each of the fractions and the four blends prepared from the frae- 
tions were tested for consistency, time of set, soundness, tensile and 
compressive strength. Strength tests were made on 1:3 mortar 
briquettes and 3- by 6-in. concrete cylinders at 1,3, 7, and 28 days and 
l year. Three specimens were tested at each age. 

The procedures of Federal Specification for Portland Cement, 
SS-C-191, were followed as closely as possible in making the tests ol 
the neat pastes and the 1:3 mortars. However, only one attempt 
was made to arrive at a normal consistency, since it was realized that 
this test could have very little meaning, especially in the case of the 
individual fractions. Water was added until the operator judged the 
paste to be of about normal consistency; the Vicat reading was then 
taken and the pat made irrespective of the reading. The time of 
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setting was observed by means of Gillmore needles, for the first seven 
hours, beyond which the time of set was not determined. 

In making the mortar specimens an amount of water equal to 15.0 
percent by weight of the dry cement was used throughout on the 
0-7 micron material. For the other fractions and the four blends 
this percentage was maintained at 11.0. In the case of some of the 
coarser fractions it was found necessary to seal the bottoms of the 
molds with an asphaltic material in order to keep the water from 
seeping out. 

The mix from which the concrete cylinders were made was pro- 
portioned 1:2 \4:3% (cement:sand:coarse aggregate) by dry rodded 
volumes. Potomac River sand with a fineness modulus of 2.84 was 
used. The coarse aggregate consisted of one part no. 4 to —% in. and 
one part * in. to 4 in. gravel, the fineness modulus being 6.50. The 
fineness modulus for the combined sand and gravel was 5.1. The 
cement was assumed to weigh 94 lb./ft.’, although actually there were 
considerable variations in bulk density between the different frac- 
tions and blends. A cement-water ratio, by weight, equal to 1.25 
was used throughout on the 0-7 micron material. For the other 
four fractions and the blends this ratio was maintained at 1.80. 
Enough water was added to compensate for absorption by both 
coarse and fine aggregate. The concrete was tamped 25 times in 
each of three layers as it was placed in 3- by 6-in. tin cans. When 
the cans had been filled, covers were put on and sealed with asphalt 
in order to prevent loss of water by evaporation. These cans were 
then stored at 70+3° F until the time of test, when the cylinders 
were removed from the cans and capped with plaster of paris. 


IV. GENERAL NOTES ON PROPERTIES OTHER THAN 
STRENGTH 


1. CONSISTENCY AND WORKING QUALITIES 
(a) FRACTIONS 


As was to be expected, the individual fractions were found to vary 
greatly in properties such as ability to hold water, plasticity, and 
ease Of molding and troweling. The extent of some of these varia- 
tions can be observed in table 3. The 0-7 fraction, having a very 
high surface, fell in a class by itself; the other four fractions ranged 
rather uniformly from the 7—22 fraction, which was not vastly differ- 
ent from an ordinary portland cement, to the >55 fraction which 
behaved very much like a fine sand. 

The 0-7 fraction required a very high percentage of water for 
neat pastes of approximately normal consistency, and it was found 
necessary to use very low cement-water ratios in order to obtain 
workable mortars and concretes. The resulting pastes, mortars, 
and concretes were in all cases very plastic. They were also char- 
acterized by an extreme stickiness, which made the neat pastes and 
mortars difficult to trowel. There were in no cases any signs of 
water segregation from this material. 

In rather marked contrast to this behavior of the 0-7 micron 
material, the four coarser fractions were all more or less deficient in 
the power to hold water and also in plasticity and good working 
qualities. When the neat paste made from the 7-22 fraction was 
put in the Vicat ring a very thin paste would usually come to the 
top and some would seep out under the bottom of the ring. A 
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similar effect was noticed in the mortars and concretes. This frac- 
tion also appeared somewhat harsh and was slightly harder to mix 
than a whole cement. 

TABLE 3.—Neat-paste data 
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3 Pats ‘ave loped cracks before attaining final set; no further distortion during steaming 
4 6.5-percent of gypsum added to fraction. 
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These tendencies were very much accentuated in the case of the 
99-35 and the 35-55 fractions. The neat pastes made from these 
fractions would appear quite dry, but when they were put in the Vicat 
ring practically clear water would rise to the surface and some would 
run out between the ring and glass plate. Likewise, there would 
always be a considerable amount of water segregation from the mor- 
tars and concretes. As to working qualities, these fractions were 
always definitely lacking in plasticity, and the pastes, mortars, and 
concretes were very harsh. 

The >55 fraction differed from the 22-35 and 35-55 fractions in 
that the mortars and concretes made therefrom always appeared 
much drier and showed much less segregation than those made from 
the other two fractions. There was not as great a difference in this 
respect between the neat pastes of these three fractions as there was 
between the mortars and concretes, there being always a considerable 
amount of water segregation from the >55 neat pastes. This largest 
sized fraction was, of course, entirely lacking in plasticity, and it 
behaved under all conditions very much like a fine sand. 

The addition of gypsum to the clinker fractions in some cases made 
the pastes noticeably smoother, and in a few instances it served to 
remove a tendency of the pastes to stiffen shortly after the mixing 
was completed. The 0-7 micron material without gypsum usually 
showed this tendency to stiffen immediately after mixing, but after 
the gypsum had been added it no longer did this. This was also 
true for the four coarser fractions of cements 2 and 3. It can be 
seen from the neat-paste data of table 3 that the Vicat penetrations 
are generally greater for the material containing gypsum, although 
on the average a lower percentage of mixing water was used. The 
presence of the gypsum had no noticeable effect on the amount of 
water segregation, except that this segregation was increased in those 
cases where the plain material had tended to stiffen. 


(b) BLENDS OF FRACTIONS 


There were also naturally rather wide variations in the working 
qualities of the blended cements. The two low surface blends, | 
and F, were quite similar to ordinary portland cements, while the two 
high surface blends, G and H, resembled high-early-strength cements 
in their behavior. Blend I was somewhat more harsh than the usual 
portland cement, and blend H was more plastic and also more sticky 
than the usual high-early-strength cement. Since medium cement- 
water ratios were chosen and used for all four of the blends, the | 
mortars and concretes were rather wet and those of the H blends 
were somewhat dry. There was a slight amount of water segrega- 
tion from the blend I concrete mixes of cements 2 and 4 containing 
gypsum. ‘The concrete mixes of the H blend were in several instances 
too dry to allow good fabrication of test specimens. 

The percentage of water necessary for neat pastes of approximately 
normal consistency was found to be very nearly directly proportional to 
specific surface. In figure 6, the average of the percentages used for 
cements 1 to 4, inclusive, is shown plotted against specific surface. 
It is seen that a linear relationship exists. This figure also shows 
that the addition of gypsum made it possible to use a slightly lower 
percentage of mixing water. 
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2. TIME OF SETTING 


It is possible that the data on setting time for the individual 
cements do not have very much quantitative significance because of 
the large number of variables which entered into the determinations, 
Neither the amount of water used nor the consistency were kept 
constant; only one attempt was made in each instance to arrive at a 
normal consistency, and as the data show, a large percentage of the 
pastes varied considerably from normal consistency. Another dis- 
turbing factor in the case of the fractions was the nonuniformity in 
the test specimens brought about by water segregation. However, 
when averages are considered, the data do indicate certain general 
trends. 

The setting times seem to be closely related to specific surface; 
the greater the surface, the shorter the time of set. In figure 6 the 
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Figure 6.—Averages of mixing water and of times of initial set for blends as a 
function of specific surface. 


average time of initial set of the blends for cements 1 to 4 is plotted 
against specific surface. It is seen that the addition of gypsum 
prolonged the time of initial set. The setting times of the individual 
fractions were not plotted because they were not determined accu- 
rately for the coarser material, but the data show that the time tends 
to increase as the grain size increases. 

The blends of cement no. 3 without gypsum behaved in a rather 
unexpected manner, especially in view of the results obtained on the 
individual fractions. Although none of the fractions were quick 
setting, the four blends all had the initial set within one hour. The 
lower percentage of water used on the blends may have had some- 
thing to do with this apparent speeding up of the setting process. 
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3. SOUNDNESS 


If soundness is defined as the ability of a neat-paste pat to with- 
stand 5 hours of steaming without any distortion, there is only one 
case of oimanaianin to report. The pat made from the >55-micron 
material of the high-early-strength clinker no. 5 (with gypsum added) 
showed no signs of distortion when placed in the steam chest, but 
after having been steamed for 5 hours it was warped and beginning to 
spall. W ith this one exception, all of the pats survived the steam 
test without any noticeable ill effects. 

There were, however, several instances where the pats developed 
shrinkage cracks in the damp-storage closet before the final set had 
been attained, but showed no further distortion in the steam test. Most 
of these cases of early shrinkage occurred in the materials to which 
gypsum had not been added, ten out of the thirteen cases in all 
being found in the ‘‘no gypsum”’ column of table 3. Of the individual 
fractions, the 0-7 was the one which most frequently developed the 
shrinkage cracks, and it seems probable that this shrinkage of the fine 
material was responsible for the similar behavior of the blends in 
several instances. For example, in the case of cement no. 4 without 
gypsum, the pats made from the blends developed a considerable 
number of shrinkage cracks as did the 0-7, although those made 
from the four other fractions had all remained intact. The same 
effect was noticed in cement no. 2. 


V. DISCUSSION OF STRENGTH DATA 
1. INTRODUCTORY AND GENERAL DISCUSSION 


In examining the strength data (table 4) there are several factors 
which should be kept in mind. In the first place, the strengths of 
the fractions of any one cement should not be compared to each other 
without considering the variations in their chemical composition. 
The fractions of cements nos. 2 and 5 are probably sufficiently uniform 
in composition to allow direct comparisons of strength. The other 
four cements, however, show variations of 15 percent or more in 
tricalcium silicate, with corresponding differences in dicalcium silicate. 
Since the former compound contributes mostly to the early strength 
and the latter to that at the later ages, these variations would account 
for a part of the differences between the strengths of the fine and 
coarse fractions, the whole of which might at first sight be attributed 
to differences in surface. This positive influence of the silicate dis- 
tributions is partially vitiated by the higher percentage of hydrated 
material in the fine fractions as indicated by the ignition loss. 

Other factors which ought to be considered in studying the strength 
data are the differences, shown by the concrete mixes and mortars, 
in compactability and water retaining capacity. With the exception 
of the 0-7 fr: action the same cement-water ratio was used throughout, 
and since the size gradations of the fractions and blends varied over a 
broad range there were naturally wide variations in their working 
qualities. The gradation of any one fraction or blend, however, was 
the same for all cements and differences i in working qualities resulting 
from size gradation should be exhibited in like degree by the same 
fraction or blend of zach cement. 
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The concrete cylinders made from the three fractions of material 
finer than 35 microns had smooth glossy surfaces in all cases where 
the mix had remained workable until the molding was completed, 
On the other hand, the cylinders made from the two largest sized 
fractions always had rough surfaces and seaman to be much more 
porous. When the wet concretes made from the 22-35 and 35-55 
fractions were being tamped into the molds a considerable layer of 
water would usually rise to the surface. Although the water in all 
cases had been taken up into the body of the specimens before the 
twenty-four hour tests were made, its occurrence might give rise to 
some question as to whether the cement-water ratio for these speci- 
mens actually was the ratio of the weights of cement to water in the 
concrete mix or whether the concrete was of a higher ratio and con- 
tained a certain amount of absorbed water. The analysis of the data, 
which will follow, indicates that these differences in ability to hold 
water did not change the ‘‘effective” cement-water ratios appre- 
ciably. 

The concrete mix of the I blend was always rather wet, while that of 
the H blend was always somewhat dry and hard to work. Since the 
mixes of the I blend showed signs of water segregation in only two 
cases and could always be molded into good cylinders, the strength 
data obtained for this blend should not be open to much criticism. 
The concrete mixes of the H blend, however, in the majority of cases 
were sufficiently stiff to leave some room for question as to the con- 
pactness of the cylinders molded therefrom, even when there was 
no noticeable honeycombing. The cylinders made from the H blend 
usually did not have as smooth glossy surfaces as those made from the 
other three blends. 

In addition to the variations in working qualities resulting from 
size gradation described in the above paragraphs, there were also 
variations peculiar to individual cements. The fine fractions and 
higher-surface blends of ground clinkers nos. 2 and 3, without the 
addition of gypsum, tended to stiffen immediately after the mixing 
was completed and the cylinders molded from them showed consider- 
able honeycombing. The coarser fractions and lower-surface blends 
of these cements, however, were not as much affected by the tendency 
to stiffen and usually molded into good cylinders. A direct compar- 
son of the strengths in these instances, therefore, would be unfair 
to the finer fractions and the two fine blends. The same tendency 
was shown by the high-early-strength clinker, no. 5, even after the 
addition of 3.6 percent of gypsum. For this brand it was necessary 
to add 10 percent of gypsum to the 0-7 fraction and 6.5 percent to the 
H blend in order to obtain cylinders free from honeycombing with 
the regular 1.25 and 1.80 cement-water ratios, respectively. 

In this connection the N and O blends, which appear at the bottom 
of table 4 but have not been previously mentioned, might be discussed. 
In designing the mortars and concrete mixes from which the test 
specimens labeled N and O, respectively, were fabricated an attempt 
was made to use the weights of blends G and H, which would give the 
same total cement surface in the resulting mixes as that contained in 
the I-blend mixes. Thus, while both the N and O mixes contained 
the same total cement surface as the blend I mixes, they actually 
contained much less cement by weight. On the average the N mixes 
contained about 55 percent and the O mixes about “45 percent by 
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weight, of the cement contained in the blend I mixes. The exact 
proportions to be used in each instance were calculated from the 
specific surfaces as determined in the Wagner turbidimeter. It was 
believed that these tests might yield some direct evidence as to the 
relation between specific surface and strength. However, in order 
that comparable figures might be obtained, it was essential that the 
same cement-water ratios should be used for these mixes as for the 
four blends, and this requirement led to difficulties. ‘The amount of 
cement was so much decreased in proportion to the aggregate that 
the quantity of water required by the regular ratio was not sufficient 
to produce a workable mix. The mortars and the concrete mixes 
were in all cases of about the consistency of moist earth and there 
was but very little cohesion. The concrete cylinders had very rough 
surfaces and were obviously not compact. It is possible, therefore, 
that the results obtained from these mixes do not have much quanti- 
tative significance, but they do indicate certain trends in a qualitative 
way, which will be subsequently considered. 

Since only three strength specimens were tested at each age it was 
not possible to obtain any very exact measures of the precision of the 
strength determinations. The ‘standard deviation” of the mean of 
three values as given by the formula 

/ v? 

V n (n-1) 


where » is the deviation of an observation from the arithmetical mean 
and n is equal to the number of observations, or 3 in this case, was 
calculated for the compressive strengths obtained at the ages 1 day, 
7 days, and 1 year in all tests of cements 1 to 4, inclusive. The values 
obtained, expressed as percentages of the strengths, ranged from 2.3 to 
6.0 with averages of 4.8, 4.1, and 4.4 for the ages 1 day, 7 days, and 1 
vear, respectively. 

If the factors considered above are borne in mind, an examination 
of the data in table 4 will bring out a number of generalities. In the 
first place it can be seen that the strengths are closely, although not 
directly, related to specific surface. The relation is much more dis- 
tinct at the early ages than at the latter. This, of course, is as would 
be expected since the rate of reaction must be closely related to the 
surface area in contact with the water, and as the reaction proceeds 
the effective surface areas change. The relation will be further con- 
sidered in the theoretical discussion. 

Another effect which is easily noticed is that produced by the 
addition of gypsum to the clinker. The strengths were, in general, 
considerably increased by this addition, particularly at the early ages. 
The 0-7 fraction is an exception to the rule, because in almost all 
instances the strength of this material shows a decrease after the 
gypsum has been added. Another exception to the rule is found in 
the case of clinker no. 4. The addition of gypsum caused a large 
increase in all of the strengths at the early ages, but at the age of one 
year, and even at 28 days for tha blends, the compressive strengths of 
the plain ground-clinker specimens were considerably higher. The 
order of the tensile strengths remained unchanged. 
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The correlation between tensile and compressive strengths is as 
good as might be expected. The same general tendencies are exhib- 
ited by each group of data. The falling off in one-year tensile strength 
is a common occurrence with tensile specimens stored in water. 


2. THEORETICAL CONSIDERATIONS 


The question that has probably been the subject of the most con- 
troversy in discussions of the effect of fineness on strength pertains to 
the importance of the very finest material, or the ‘‘flour’’, as it is 
sometimes called. Several investigators have studied fractions of the 
finest material, such as that finer than 5 or 10 microns, but in testing 
these fractions they have always had to use more water than in the 
whole cements or the coarser fractions, and therefore have been 
unable to obtain comparable results. The same difficulties were 
encountered in this investigation. Several attempts were made at 
testing the 0-7 and 7-22 fractions with the same water ratio, but it 
was not possible in any case to obtain good specimens for both ma- 
terials. 

The results of some of the attempts made at reaching a compromise 
are shown in table 4. In the case of cement no. 1 it is seen that the 
strengths of the 0-7 are considerably higher at 7 and 28 days with the 
cement-water ratio of 1.55 than with the regular 1.25 ratio. They 
show still higher strengths with the ratio 1.80, although this mix was 
so dry when molded that it was difficult to see how the specimens 
could develop any appreciable strength. The data available on 
cement no. 2 probably illustrate the effect better than those of any 
of the others. Here three intermediate water ratios were tried. The 
strengths increase regularly up to the ratio 1.65, when they begin to 
fall off. The cylinders made with this highest ratio were very badly 
honeycombed, and it was rather surprising that they developed as 
high strengths as they did. With cement no. 5 an attempt was made 
to use the same intermediate ratio for both the 0-7 and the 7-22 
fractions. The strengths of both fractions were lowered considerably, 
the 7-22 remaining the higher. This, however, was not a fair test, 
because the fine fraction of no. 5 heated up and became dry even with 
the 1.25 cement-water ratio, and when the water was decreased it 
became so dry that there was practically no cohesion at all. When 
tests were made on the 7—22 fraction of cements 3, 4, and 5, using the 
same amount of water as was used on the 0-7 material, the strengths 
developed in most instances were less than half as high as those which 
were obtained with the higher ratio, although in every instance there 
had been a considerable amount of water at the tops of the cans, even 
at 28 days, so that the “‘effective” ratio really was higher than 1.25. 

If we assume that the relation between the cement-water ratio and 
strength is one which approximates a straight line and extrapolate to 
the ratio 1.80, we see that the fine material has a very high potential 
strength. It is known that for ordinary cements the strength is very 
nearly directly proportional to this ratio, within the workable range, 
so that there is some justification for such a procedure. There are not 
enough points within the workable range to establish a line, but it 
“an be seen that the strengths increase rapidly with increasing 
cement-water ratio, until the point is reached where the effect of poor 
fabrication becomes apparent. All the evidence from these tests, 
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therefore, points to the conclusion that the 0-7 micron material has a 
very high intrinsic worth as far as strength conferring properties are 
concerned. 

There is still another and entirely different way in which the problem 
may be approached on the basis of the data in table 4. If we assume 
that the contributions of the individual fractions to the strengths of 
the blends are additive, it is possible to arrive algebraically at the 
“apparent strength” of the fine fraction. Thus if a, 5, c, d, and e are 
the strengths of the five fractions of a given cement and f, g, h, and i 
are the strengths obtained by the blends, we can write down the 
equations 


P o-nvd+ P 7-22)rb+ P 22-35) r€ + P (35—55)xd + P 55) re == 100 
P o-no@+ P g-22)4b + P (22-35)a€ + P a5—58)ad + P.>55)ce= 100g 


where the P’s refer to the percentages of the fractions in the blends. 
For example P o_z, represents the percentage of the 0-7 material 
contained in blend F. These equations should hold if the above 
assumption is sound and if all the fractions had been tested in the 
same way. Since four of the fractions were tested under similar 
conditions, we can, by proceeding on this assumption, use these equa- 
tions to calculate the contribution of the 0-7 fraction to the strengths 
of the blends. The equations are then written: 


100f- s P 7. 22) FO 2% P (29. 35) FC — P (35—55)rd — P. >55) FE 
Fe P Dye 7 ———— etc., 
(0—7)F 

Apparent compressive strengths have been calculated according to 
this method and are presented in tables 5 and 6. Table 5, which is 
a tabulation of the seven-day strengths as calculated from each of 
the blends, is included in order to give an idea of the kind of agreement 
found between the four different values which it was possible to calcu- 
late for each age. Table 6 is a summary of the calculated strengths. 
The values presented in table 6 are the weighted means, or the most 


TaBLE 5.—Calculated compressive strength of 0-7 micron fraction at seven days 





Strength in lb/in.? calculated from strength of 





lends 
Cement no ‘ es on ham acmemmenin dns 
' " | Arithmetic 
F fia H J mean 
fNo gypsum a ee wi Seats 4900 5770 4450 4000 4780 
(Gypsum ; eget ee 6735 5240 4270 | 5470 5430 
9/No gypsum _. ‘ : 4850 | 4920 | 3830 | 3740 4340 
“\Gypsum.... Lak teeaa 1275 | 4330} 3400 4120 | 4030 
3{No gypsum oo as : , 3600 | 3810 | 2840 3890 | 3540 
(Gypsum awalve ~tudcacaweal 3460 | 4130 | 4640 | 5000 | 4310 
(No gypsum ad ...| 2425] 3420 3080 | 1580 | 2630 
(Gypsum | 850 | 2760 | 3150 | 1240 | 2000 
5 Gypsum -| 4420 3270 | 3810 | 3920 | 3860 
| | 
6 Gypsum_. 15 tah A RE ES Se SE : 2000 3000 | 3190 | 1430 | 2400 
| | 
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TABLE 6.—Probable means of compressive strengths (lb/in.?) of O-7 fraction ag 
calculated from strengths of blends, F, G, H, and I 


Strength at various ages (with, G, and without, NG, gypsun 
Cement nt 1 day 3 days 7 days 28 days 1 year 
NG G NG | G NG G NG a NG | @G 
| 
7 _ | rif KAS | ‘ p } 
270 990 3160 | 3780 4810} 5150] 5430] 3800] 5010| 4069 
” 120 880 2740 2830 | 4200 3880 | +700 4200 4800 | 4260 
- } ~ = 
340 740 2620 3040 | 3330 4300 | 2590 4640 3470 3970 
' 680 1700 | 1580 | 2880 2390 | 4540] 3720 | 4130 | 3959 
590 2130 3 4 3820 , $150 4160 
| 2720 | | 
| | 


1160 |__- 1800 1990 | : 5980 


} 


probable means of the four calculated values. The arithmetic means 
do not represent the best values because the strengths as calculated 
from any two different blends are susceptible of quite different errors, 
The standard deviation of each calculated value was obtained roughly 
by assuming a standard deviation of 5 percent in all of the strength 
determinations, calculating the averages of the standard deviations 
of the strength determinations for each age in pounds per square inch 
from the averages of all the compressive strengths for that age, and 
making use of the general equation 


a bu ee > 
(du)*= -( da; )+( x daz ) - : 
5a, ba,” 


U=f(d), d2,------ b, 


where 


and du is the standard deviation of uw brought about by the joint 
occurrence of the errors da,, dao. . . . The standard deviations so 
calculated are given in table 7. The values given in table 6 were 
obtained by weighting each strength value, as calculated, by the 
reciprocal of its standard deviation squared, and thus calculating the 
weighted mean, or the most probable mean, of the four values. The 
figures given in table 7 are not measures of the actual precision of the 
calculated values and should be considered only as indicating the 
relative precision of the four values calculated for any one age. 

The manner of increase with age and also the actual magnitude of 
the calculated strengths given in table 6 suggest that these values are 
possibly good measures of the actual contributions of the 0-7 micron 
material to the strengths of the blended cements. One would expect 
the 0-7 fraction to be almost completely hydrous at the end of 7 
days. In most instances the calculated strengths do not show very 
large increases after 7 days, although the blended cements increase 
considerably in strength between 7 and 28 days. At 1 year the 
calculated strengths of the 0-7 are on the average about equal to the 
observed strengths of the 7-22 fraction, and this is what would be 
expected since both materials should be very nearly completely 
hydrous at this age. In any case it seems logical to believe that these 
calculated strengths indicate the actual worth of the fine material 
much more closely than the strength data obtained with the low 
cement-water ratio. Further evidence pointing to this conclusion 
will be brought out by an attempt to find a direct relation between 
strength and some function of particle size distribution. 
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TABLE 7.—Standard deviations of calculated strengths of O-7 micron fraction 


Standard deviation in ]b/in.? of value calculated 
from blend 





Age = sila 
| 
F G | H | I 
| 
= | | -—— — . 

70 85 | 80 95 
faa ; as 250 | 295 | 210 | 390 
7 days a eae 450 430 | 310 660 
» days 650 580 | 390 1,060 
1 year. 930 720 | 430 | 1) 560 


The best-known function of size distribution is surface area per unit 
weight, or specific surface. The belief was once held quite generally 
that strength at any given age was very nearly a direct function of the 
original specific surface of the cement. ‘The results of this and other 
investigations show that if both fractions and blends are considered 
this relation holds approximately only for the very early ages. 
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Figure 7.—Averages of compressive strengths of fractions and blends of six cements 


as a function of specific surface. 


In figure 7 the averages of the compressive strengths for the ages 
1 day, 3 days, and 7 days are plotted against specific surface. At the 
age of 1 day it is possible to visualize a single line through the points. 
At 3 days the points are much more scattered and the possibility of 
two distinct curves is suggested. At 7 days it is clearly seen that two 
distinct curves are obtained, one for the blends and one for the 
individual fractions. A little consideration will show that this is what 
would be expected. The rate of reaction must at all times be closely 
related to the surface of the anhydrous material in contact with the 
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water. At the age of 1 day the water has not yet penetrated very 
deeply and the effective specific surfaces have not been appreciably 
changed so that the strength is very nearly directly proportional to the 
original specific surface. However, at 3 days much of the fine mate- 
rial in the blends has been rendered completely hydrous so that the 
effective specific surfaces and therefore also the rates of reaction of 
the blends have decreased considerably, while the fractions, not con- 
taining any fine material, are still being used at a rate not much 
reduced from the original. This is quite likely the explanation of 
the fact that the 7-22 fraction, for instance, shows a higher strength 
at 3 days than blend F, although the original specific surface of the 
fraction is lower than that of the blend. The same effect, of course, 
is further accentuated at 28 days. 

This explanation of the failure of specific surface to show a direct 
relation to strength immediately suggests another possible function 
of gradation. If the rate of strength development is related to the 
rate of reaction, the strength at any age must be related to the 
percentage of hydrous material at that age. Eiger,’® measuring the rate 
of reaction by the microscopical method developed by Anderegg and 
Hubbell,’® found a good correlation between the percentage of the 
cement which had reacted with water and the compressive strength 
of concrete. He calculated the percent which had reacted at any age 
from the rate of reaction and the particle-s ze gradation data. 

Although no attempt was made in the present investigation to 
measure directly the rate of reaction, it was possible to calculate from 
the size-distribution data the percentages of the cements which had 
become hydrous” for definite depths of water penetration. Strengths 
were then plotted against these quantities for each depth of penetra- 
tion until a depth was found for which the points most nearly approx- 
imated a straight line. In calculating the amounts of hydrous 
material, perfect spheres were assumed, average diameters’ corre- 
sponding to the original specific surfaces of the fractions chosen, and 
the amount of hydrous material obtained from the relation 

Percentage of hydrous material=100° —, 
‘1 
where d,; represents the original average diameter and d, is the diameter 


: . d,—d, 
after the penetration of —>—- 


The computation for the 0—7 fraction 


was made by a differential method in order to avoid introducing more 
errors than necessary in these high percentages. The method 
consisted in first calculating the percent of hydrous material for 
a penetration of one-tenth micron, then taking a new average diam- 
eter and finding the percentage of the remainder, which became hy- 
drous during another tenth-micron penetration, calculating the new 
remainder, and continuing the process to the desired depth. The 
values for the blends were obtained directly from those of the fractions 
by calculation from the percentage compositions. 

Table 8 gives the calculated percentages of hydrous material for 
six depths of penetration, and in figures 8 and 9 the 7-day tensile and 








16 A. Eiger, Tonind.Ztg. 56, 532, 558 (1932). 

16 Proc.Am.Soc. Testing Materials 29, II, 554 (1929). 

17 By hydrous material is meant that portion of the cement into which water has penetrated without any 
implication as to the progress of the resulting chemical reactions or the composition of the resulting 
products. 

18 See footnote to table 8, 
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compressive strengths of cement no. 2 are shown plotted against the 
values calculated for a penetration of 1.5 microns. Cement no. 2 
was chosen because of the uniform compound compositions of the 
fractions. Some of the other cements show better relationships at 
this age. For instance, the 7-day tensile and compressive strengths 
of cement no. 1 show much smaller deviations from straight lines 
when plotted against the hydrous material for a penetration of 1.5 
microns. At 3 days the correlations are in general better than at 7 
days, and the compressive strengths of cement no. 2 for this age show 
a very good relationship to the calculated values for a penetration 
of 1 micron. At ages later than 7 days the points are much more 
scattered, due possibly to larger deviations entering into the strengths 
themselves as well as to the necessarily increasing errors in the cal- 
culated percentages of hydrous material, but the tendency toward; 
straight line relationships remains apparent. The averages of the 
28-day compressive strengths of the six cements correlate very well 
with the calculated values for a penetration of 4 microns, as can be 
seen in figure 9. 


TaBLE 8.—Calculated amounts of hydrous material 


Percentage hydrous for penetration of 


Fraction or blend 


0.5 u lu 1.5 Qu tu 10u 
0-7u 61 87 97 99 100 100 
7~22u 20 36 50 61 92 100 
92-354 1] 20 29 37 65 98 
35-55u 6 13 18 24 44 83 
7 55 3 6 10 13 | 24 52 
F 20 33 4) 47 65 87 
G 28 44 54 62 81 Of 
H : 36 55 65 71 86 98 
I 16 27 34 4) 60 R2 


NotE.—The diameters used in making the calculations were 3.5, 14, 27, 45, and 91 microns for the 0-7, 
2 35 55 and <55 fractions, respectively. These values were obtained by substituting the specific 


2% 5, 35 
rface caleulated from microscopical distribution counts for #s in the equation 


9050 
q— 12080, 


&s 
where ss is the surface in cm? of 1 gram of particles of diameter d microns and density 3.15, and 19050 is a 
constant, which is equal to the surface in cm? of 1 gram of spherical particles of diameter 1 micron and 
density 3.15. This diameter, which might be termed the ‘“‘equivalent-surface’’ diameter, is also given by 
the equation 
j rnd 
ge? =—"3? 
znd? 


where 7 is the number of particles of diameter d microns in the representative slide 


A comparison of figure 7 with figures 8 and 9 shows that the per- 
cent of hydrous material, or, if more rigor be desired, the tunction of 
particle-size distribution, which has been called ‘‘percent of hydrous 
material’, is a much more fundamental function than the specific 
surface insofar as strength relationships are concerned. Whereas 
the strength is closely related to specific surface only when but one 
type of distribution is present, it is directly related to the new func- 
tion regardless of the kind of distribution. The fact that the strengths 
of the fractions fall on the same line as those of the blends tends to 
prove that the calculated quantities are at least proportional to the 
amount of hydrous material. There must be some physical cause 
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FicgurRE 8.—Tensile strengths of fractions and blends of cement no. 2 at 7 days as a 
function of the percent of the cement rendered hydrous by a water penetration of 


1.6 microns. 
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FIGURE 9.—Averages of 28-day compressive strengths of both fractions and blends 
made from the siz cements as a function of the percent of cement rendered hydrous 
by a water penetration of 4 microns, and the 7-day compressive strengths of frac- 
tions and blends made from cement no. 2 as a function of cement rendered hydrous 
by a water penetration of 1.5 microns. 
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underlying a relationship so fundamental and it is logical to suppose 
that strength is proportional to the hydrous material. It is inter- 
esting to note in this connection that the calculated ‘apparent 
strengths” of the 0-7 fraction in most cases come very close to falling 
on the hydrous material versus strength line, thus affording addi- 
tional proof of the validity of the assumptions made in each instance. 

It is possible to deduce several postulates from the fact that the 
strengths are related to the calculated percentages of hydrous ma- 
terial. For one thing it shows that the size distribution of the cement 
particles, of itself, has very little to do with the strength of concrete. 
A fraction containing only particles within a narrow size range will 
produce the same strength of concrete as a whole cement containing 
all sizes of particles if the amount of hydrous material is the same in 
each instance. 

Another possible deduction is that the 0—7 fraction has the same 
intrinsic worth as any other. It has been maintained by some in- 
vestigators that particles below a certain size, such as 4 microns, are 
of no value; but if this had been the case the relationships found would 
not have obtained. The amounts of hydrous material for the blends 
were deduced by summing up the contributions of the individual 
fractions, allowing weights in proportion to the volume for particles 
of all sizes, and since the 0—7 fraction usually contributed the most to 
this sum, the fact that the strengths of the blends did fall on the line 
shows that all of the 0-7 micron particles must have contributed to 
the strength according to their sizes. The 0—7 fraction contributes 
more to the strength of concrete, at least at the early ages, than any 
of the others by virtue of the fact that all of the particles become com- 
pletely hydrous in a very short time. 

From the fact that the amount of hydrous material for the blends 
of any one cement was obtained by taking the sums of the products 
of the values for the fractions and the percentages of the respective 
fractions in the blends, together with the fact that the amount of 
hydrous material was found to be proportional to the strength, it 
follows that the strength values are also additive, as was originally 
assumed in calculating the ‘‘apparent strengths” of the 0-7 fraction. 

It, of course, must be kept in mind that the conclusions and deduc- 
tions drawn from this analysis are to be accepted only with reserva- 
tions. The authors do not insist that the actual amounts of the 
cements which had become hydrous were equal to those which were 
calculated and plotted against the strengths. The calculated quanti- 
ties are rough approximations of the amounts of cement which would 
have been rendered hydrous by a uniform water penetration of all 
particles to the assumed depth. The fact that these quantities show 
direct relations to the observed strengths indicates that they are 
probably good approximations of the actual amounts of hydrous 
material. It is realized that other factors might have contributed to 
bring about this observed relationship. It might also be pointed out 
that these conclusions apply only to the results of these particular 
tests as made. Whether or not they would apply for different 
storage conditions or for tests made with different mixes or cement- 
water ratios is a matter for conjecture. 

The data from the N and O mixes were not used in any of the 
calculations or correlations. Only a brief inspection is necessary to 
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show that these data fall in a class by themselves and would not have 
fitted in with the other data. For example, the compressive strength 
of the N cylinders at 28 days should have been about 55 percent of 
that of the G-blend cylinders in order for the strength to be pro- 
portional to the hydrous material; actually the averages of the N and 
G compressive strengths for all six cements were 1,080 and 3,240 
pounds per square inch, respectively. Likewise, the O mix yielded 
concrete, on the average, of only 20 percent of the strength of the H- 
blend concrete at 28 days, although the percentage should have been 
about 45 according to the proportionality requirement. It would 
seem that these large discrepancies must be attributed to the poor 
working qualities of the N and O mixes, which made it impossible to 
mold good test specimens. The strength of concrete could be 
expected, logically, to be closely related, within a certain range, to 
the weight of cement in the concrete mix, if the cement-water ratio 
were kept constant. As the proportion of cement and water is 
reduced, however, a point must necessarily be reached where all 
semblance of proportionality between amount of cement and strength 
must cease to exist. The tensile- and compressive-strength data of 
the N and O mixes, taken together, serve to illustrate this idea. The 
proportions, by weight, of cement to sand in the N and G mortars 
were 1:5.4 and 1:3, respectively. The proportions, by weight, of 
cement to total aggregate in the N and G concrete mixes were 1:11.9 
and 1:6.6, respectively. The N tensile strengths are on the average 
very nearly equal to 55 percent of those of the G blend, while the N 
compressive strengths are only about 30 percent of those of the G 
blend, as indicated above. It therefore seems possible that, while the 
proportion of aggregate to cement in the concrete mixes was made too 
high, the proportion of sand to cement in the mortars was not so 
great as to render the supposed relationship between strength and 
amount of cement invalid. The existence of a critical point in this 
relationship is further suggested by the fact the O tensile strengths, 
on the average, are considerably less than 45 percent of those of the 
H blend. 

When the N and O strength data are compared to those of blend I, 
some pecularities are found which are not easily explained. The N 
and O test specimens theoretically contained the same total cement 
surface as the I specimens and might therefore have been expected 
to show about the same 1-day strengths. Actually, almost all of the 
N and many of the O 1-day strengths are considerably higher than 
those of blend I. It is possible that the reduction of the proportions 
of cement to aggregate may have had the effect of changing the 
cement-water ratio so as to make the “effective ratio” higher than the 
actual ratio of the weight of cement to that of water, although allow- 
ance was made in designing the mixes for absorption by the aggregate. 

As an appendix to the foregoing discussion, there are certain 
mathematical deductions which might be added because of their 
interest as curiosa rather than for any direct bearing which they 
might have upon the problem in hand. If we assume a spherical 
cement particle of radius r and let it be uniformly hydrous to a depth 
such that the radius of the anhydrous material will have been reduced 
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from the original by the amount z, we can express the decimal part 
by weight which has become hydrous as equal to 


r— (r—xz)3 


Calling this part H and differentiating with respect to time, we obtain 
the equation 
dH 3 2 dz 
=- er, 38 1 
ar (r—2) dt (1) 


dH, 
This equation shows that the rate of becoming hydrous, —_ of a 
spherical particle of radius r at any time, ¢, is dependent upon the 


x 
linear rate of advance of the hydrated film, Ti? and upon the depth of 


penetration, z. If z and - were known for any time, ¢, it would be 
possible to calculate the rate of change to the hydrous state for that 
time by means of the above equation. 

The data on four cements published by Anderegg and Hubbell * 
show that these particular cements, as tested, hydrated in such a way 
that the depth of penetration became a linear function of the logarithm 
of the time after 7 days. For example,” the relationship between 
penetration and time for their portland cement ‘‘A’’, with no gypsum 
addition, can be very nearly expressed by the relation 


T2258 log 10 t, (2) 


when z is the depth of penetration in microns and ¢ is the time of 
hydration in days. This relationship very nearly obtained for five 
ages, from 41 hours to 270 days, at which hydration measurements 
were made. Differentiating this expression with respect to time, 
we get 


dx 1.31, 


at 
is 
lt 
dH 3.93 


Th 7 8 logiot)? 


° . . ( . . 
and substituting for 2 and —— in equation 1, we have 
Cf 


(3) 
From this equation the rate at which a particle of radius, r, was being 
hydrated at any time, ¢t, can be calculated. For instance, at the ages 
2,3, 7,28, and 180 days, respectively, a 20 micron diameter particle 
was being used at the rates 16.3, 9.6, 3.1, 0.4, and 0.023 percent per 
day. By letting z=10 in equation 2 we can find the time at which a 
spherical 20-micron particle would become completely hydrous on 
the assumption that the same relationship obtained throughout 
between penetration and age. Doing this, we find ¢t equal to 2,150 
days, or 5.9 years. Thus, although this particle is approximately 
99 percent hydrated at the end of 1 year, 5 more years are required 
for the reaction to go to completion if the relation between rate of 
hydration and time remains the same. 





” Proc. Am. Soc. Testing Materials 29, II, 554 (1929). 
* This cement was chosen because of the simplicity of its equation; the equations for the other cements 
all contain a constant term. 
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3. PRACTICAL CONCLUSIONS 


A discussion of the effect of fineness of grinding of cement on the 
properties of concrete, if precedent be followed, perforce should con. 
tain some mention of ‘‘optimum gradation.” This concept of 4 
cement having the best possible gradation for strength purposes, and 
at the same time one which would yield workable concrete mixes, 
has been much talked of by past investigators and commentators. [It 
would seem from the results of this investigation that the gradation 
which would satisfy both of the above requirements really would not 
be a ‘‘gradation’’ at all in the usual sense of the word, because the 
particle sizes would have to be restricted to a relatively narrow range, 

A cement containing about 70 percent of material between 10 and 
20 microns and the remainder less than 10 microns should produce 
a concrete of almost as high early strength and a higher ultimate 
strength than any cement graded so as to contain an appreciable 
amount of material coarser than 20 microns, and it should also yield 
workable concrete mixes. This cement would have about the same 
specific surface as blend G and should therefore have about the same 
l-day strength, while at the later ages it should develop higher 
strengths because it would become completely hydrous in a much 
shorter time. Blend G contained 25 percent of 22-35 micron material 
and 13 percent of material greater than 35 microns, but on the average 
the 22-35 fraction only developed about 70 percent at 28 days and 
95 percent at 1 year of the strength developed by the 7—22 fraction 
at the same ages, and the 35-55 fraction was only about 75 percent 
as strong as the 7-22 at 1 year and less than 50 percent as strong at 
any of the earlier ages. Its therefore logical to believe that a cement 
containing only material finer than 20 microns in size would have 
developed considerably higher strengths than blend G. 

In such an ‘‘optimum” cement it would appear inadvisable to 
increase the quantity of 0—7 fraction much above that used in blend 
G, or 30 percent. Blend H, which contained 47 percent of this fine 
material, produced cylinders which were honeycombed in some cases 
and of doubtful compactness in others. Although these cylinders 
were stronger at early ages, at 1 year they were weaker than the more 
compact cylinders of blend G. In actual practice it would have been 
necessary to use a lower cement-water ratio for blend H, and a 
lower ratio would quite likely have yielded concrete of lower strength. 
This belief is supported by the results obtained in studying the effect 
of varying cement-water ratio on the strength of the 0-7 micron frac- 
tion. In order to prove that there is a practical limit to specific 
surface, beyond which no improvement in strength could be attaimed, 
it, of course, would be necessary to establish the relations between 
cement-water ratio and strength for the higher surface blends by 
actual test. 

For the ordinary types of gradation, obtained by commercial grind- 
ing, it would seem that there is no such thing as an ‘optimum.’ 
The distribution curves are automatically quite similar, and the most 
suitable type would be determined by the strength to be required of 
the concrete. The more finely the cement is ground, within practical 
limits, the higher will be the early strength, and possibly also the 
ultimate strength of the concrete. It seems very probable that the 
hydration process would become arrested, or, at least, very much 
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retarded, after a short length of time under conditions of practice 
when the water might escape from the concrete. Under such condi- 
tions it would seem desirable to use a cement of high specific surface 
in order that as much hydration as possible could take place before 
the reaction became arrested. 

The strengths of the concretes made from the blended cements in 
this investigation were closely related to the specific surface at all ages 
tested, and it therefore seems that the specific surface is a sufficiently 
good criterion of strength for practical purposes. If cements having 
more irregular distribution curves were to be produced, it would prob- 
ably be advisable to adopt some sort of fineness modulus based 
upon the amount of hydrous material for different depths of water 
penetrs ation. 

VI. SUMMARY 


Five laboratory ground clinkers and one commercial cement have 
been separated into size fractions, and studies have been made of neat 
pastes, mortars, and concretes prepared from the fractions as well as 
from four different blends. The ground clinkers were separated into 
the five fractions 0-7, 7-22, 22-35, 35-55, and >55 microns. The 
cement was separated into only four fractions, no separation being 
made of the material coarser than 35 microns. The four blends ranged 
in specific surface from about 1,300 to 3,300 cm?/g. Most of the tests 
were made both with and without the addition of gypsum. 

The fractions of any one cement in most cases showed considerable 
variations in chemical composition and calculated compound com- 
position. The tricalcium silicate, in general, tends to be more con- 
centrated in the finer sizes, while the higher percentages of dfcalcium 
silicate usually occur in the coarser fractions. The other constituents 
are about equally distributed. 

It was found that all of the fractions, with the exception of the fine 
0-7 micron material, were more or less deficient in the power to hold 
water and that they were lacking in plasticity and good working 
qualities. These characteristics ranged from the 7-22 micron frac- 
tion, which was not vastly different from a whole cement, to the coars- 
est fraction which behaved very much like a fine sand. The 0-7 
micron fraction was very plastic, had a high water-retaining capacity, 
and was also characterized by an extreme stickiness. 

The working qualities of the blends ranged from the coarsest blend, 
which was possibly somewhat more harsh than the average commercial 
portland cement, to the highest surface blend which was more plastic 
and required more water than the ordinary high-early-strength cement. 
It was found that on the average the amount of water necessary for 
normal consistency was very nearly a direct function of specific sur- 
face. Also, the time of initial set was found to be very closely related 
to surface. 

At one day it was found that strength is directly related to specific 
surface for both the fractions and the blends. At other ages when 
strength was plotted against specific surface one line was obtained for 
the fractions and another for the blends. The strengths of the blends 
were closely related to specific surface at all ages. 

Some good correlations were obtained between strengths and the 
percentage of hydrous material corresponding to definite depths of 
water penetration as calculated roughly from the size-distribution 
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data. The fact that the strengths of the fractions when plotted 
against the percentage of hydrous material fell on the same lines as thoge 
of the blends showed the relationship to be of a more fundamenta] 
nature than that existing between specific surface and strength. 

Since a much lower cement-water ratio had to be used in molding 
the strength specimens from the 0-7 micron fraction than in molding 
those of any of the other fractions or the blends, the strength data 
obtained for this fine material were not directly comparable with those 
obtained for the other fractions or the blends. However, the strength 
of this fraction was calculated from its contribution to the strengths of 
the blends and these calculated strengths were found to be greater at 
the early ages than the observed strengths of any of the other fractions 
and at least as great at the later ages. 


Acknowledgment is made to P. H. Bates for valuable suggestions 
offered during the planning and progress of this investigation. The 
photomicrographs of the fractions were made by Herbert Insley. 





WASHINGTON, February 8, 1935. 
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CHEMICAL REACTIONS IN THE LEAD STORAGE BATTERY 


By George W. Vinal and D. Norman Craig 


ABSTRACT 


Although the double-sulphate theory of reactions in the lead storage battery 
has been generally accepted, its validity has often been challenged because of 
disagreement between the theory and certain experimental results. One of the 
chief difficulties in the experimental work lies in determining the amount of 
electrolyte within the cell, including that portion held in the pores of the plates. 
The method of mixtures, not previously applied to this problem, has many 
advantages, and has enabled the authors to determine not only the number of 
equivalents of acid used per faraday, but also the number of equivalents of water 
formed. As a result of nine discharges the mean value of the equivalents of 
acid per faraday was found to be 2.02+0.03 as compared with 2.00 equivalents 
demanded by the theory. Two equivalents of water were formed under the 
same conditions. In these experiments the weight of electrolyte was determined 
at both the beginning and end of discharge. 
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I. INTRODUCTION 


The “double-sulphate” theory of chemical reactions in the lead 
storage battery has been accepted by battery engineers generally, 
but its validity has often been questioned because of disagreement 
between the theory and certain experimental results. Quantitative 
proof of the theory involves experimental difficulties that have doubt- 
less been responsible for the variety of results previously obtained. 
With improved technique for determining the quantity of electrolyte 
in the cell, a new series of experiments to determine the amount of 
acid consumed during discharge has been made. The results of these 
experiments support the double-sulphate theory. 
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Gladstone and Tribe’ proposed the double-sulphate theory in 
1882 on the basis of their observations that lead sulphate is forall 
at both positive and negative plates during discharge of the cell ang 
that lead sulphate can be oxidized at one plate and reduced at the 
other during charge. Their theory is expressed conveniently by the 
familiar equation 


PbO,+2H,SO,+ Pbh=2PbS0O,+2H,0 


When the cell discharges the reaction proceeds to the right, but this 
reaction is reversed during charge. 

If the equation is true, the passage of one faraday of electricity 
(96,500 coulombs) in the ‘direction of discharge should result in the 
consumption of one equivalent each of PbO, and Pb and two equiva. 
lents of sulphuric acid, while two equivalents each of lead sulphate 
and water are formed. Numerous experiments to determine the 
relationship between the quantity of electricity passing through the 
cell and the materials formed or consumed are recorded in the tech- 
nical literature. 

Gerard * suspended the element of a cell from the arm of a balance 
and determined the changes in weight of the element as it was charged 
or discharged. He concluded that his results were concordant with 
the double-sulphate theory. Ayrton, Lamb, and Smith * found the 
quantity of PbO, in the positive plates to increase or decrease pro- 
portionately to the quantity of electricity passing on charge or dis 
charge, accompanied by equivalent changes in the amount of lead 
sulphate in both plates. Mugdan‘* concluded from his experiments 
that the quantity of lead sulphate formed during discharge is essen- 
tially that required by the double-sulphate theory. 

Many more investigations have been made of the changing density 
of the electrolyte during charge or discharge. Aron,’ Crova and 

Garde,® and Kohlrausch and Heim’ found changes i in density of the 
electrolyte to correspond to their calculations based on the double. 
sulphate theory. More recently the experiments of Knobel,* and 
Cassel and Tédt * have shown that two equivalents of sulphuric acid 
are consumed per faraday of electricity. 

On the other hand, a considerable number of experimenters have 
found the consumption of sulphuric acid per faraday to be materially 
less than the two equivalents called for by the double-sulphate theory. 
Their results vary from 1.2 to 1.8 equivalents of acid per faraday, 
averaging about 1.5 equivalents. Schenck and Farbaky,” Pfaff," 
Smith,” and MacInness, Adler and Joubert * are included in this 
group. 

Some writers have expressed the opinion that the active material 
of the positive plates is not PbO, but a higher oxide of lead. Reasons 
for this belief were based partly on analytical determinations of the 
“1 Nature 25, 221, 461; 26, 251, 342, 602; 27, 583 (1882-1883). 

2 Lumiére élec. 27, 387 (1888). 

3 Elektrotech.Z. 12, 66 (1881). 

« Z. Elektrochem. 6, 309 (1899). 

5 Elektrotech.Z. 4, 58 and 100 (1883). 

6 Lumiére élec. 16, 471; 17, 219 (1885). 

7? Elektrotech.Z. 10, 327 (1889). 

§ Trans.Am.Electrochem. Soc. 43, 99 (1923). 

*Z.angew. Chem. 36, 227 (1923). 

10 Dinglers polytech. J. 257, 357 (1885). 

11 Centr. Accumulatoren 2, 73 and 173 (1901). 


12 Mentioned in reference of footnote 13. 
13 Trans.Am.Electrochem.Soc. 37, 641 (1920). 
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7 in material and partly on values less than two for the equivalents of 
med acid used per faraday. Drzewiecki, Féry,’® and Bary ” have dis- 
and cussed the so-called “higher oxides.” Féry proposed a theory for the 
the reaction involving a higher oxide of lead at the positive plate and the 


the formation of a subsulphate of lead at the negative plate. Féry’s 





reaction would require the consumption of only one equivalent of 
acid per faraday of electricity. Determinations mentioned above, 
averaging about 1.5 equivalents, are therefore intermediate between 
this requirements of the two theories aad support neither. 
MacInness, Adler and Joubert showed that the active material 
city of freshly charged positive plates had the same composition and 
the electrical potential as lead dioxide prepared chemically or by anodic 
iva- deposition on platinum. Their results make any reaction based on 
hate a higher oxide of lead seem very questionable. 
the The formation of a basic sulphate during discharge has been 
the suggested in explanation of less than two equivalents of acid being 
ech. used per faraday. Such a suggestion is apparently favored by 
Knobel #8 as an explanation of departures which he observed at high 
nee rates of discharge. Riesenfeld and Sass,”? however, consider a basic 
rged lead sulphate as the normal product of discharge at the positive plate. 
vith | Within recent years the X-ray spectrograph has been used to 
the identify chemical compounds in the storage battery. It would seem 
pro- that this method should provide an unequivocal answer to the 
dis. problem, but differences in opinion have arisen. Mazza ” studied the 
lead compounds of the reaction by the use of X-rays and found battery 
sale plates in the charged condition to consist of lead dioxide (positives) 
sen. and Jead (negatives). In the discharged condition lead sulphate was 
found in both positive and negative plates, in addition to the original 
site materials. Barrett * confirmed the conclusions of Mazza. Riesen- 
and feld and Sass * on the other hand have found evidence that during 
the discharge basic lead sulphate is formed at the positive plates and that 
ble. this changes on standing to the neutral sulphate. In support of 
and their theory, they cite experiments in which the acid consumption per 
acid faraday was found to be materially less than two equivalents. _ 
Recently, Kameyama~* has refuted the argument of Riesenfeld 
on and Sass on thermodynamic grounds. er a 
ally he work of others might be cited in support of or in opposition to 
ore, the double-sulphate theory, but the conflict of opinion is clearly 
jay, | © *Pparent. The question at the present time hinges on the correct 
iff determination of the amount of acid used per faraday. We believe 
this the varying results obtained in the past have been due chiefly to the 
| difficulty in determining the amount of acid in the cell. The free 
wid electrolyte in the cell can be measured easily, but to this must be 
sails added the electrolyte in the pores of the plates and separators. 


the | Porosity of the plates changes during discharge, making corrections 

' for the amount of electrolyte held in the pores uncertain. If the 
plates are washed or dried before placing them in a measured quantity 
of electrolyte, their condition is not normal. 


4 Bul.soc.int.élec. 6, 414 (1889). 
'S Lumiére élec. 34, 305 (1916); Rev.gén.élec. 1, 10 (1917); 19, 296 (1926). 
& © Rev.gén.élec, 6, 195 (1919). 
es 17 See footnote 13. 
8 Trans.Am.Electrochem.Soc. 43, 99 (1923). 
WZ, Elektrochem. 39, 219 (1933). 
*” Atti.accad. Lincei [6] 4, 215; 5, 117, 688 (1927). 
1 Ind.Eng.Chem. 25, 297 (1933). 
” See footnote 19. 
4J.Electrochem.Assn, (Japan) 1, 3 (1933). 
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We have used the ‘‘method of mixtures” for determining the 
amouat of acid in the cell, both at the beginning and end of discharge, 
Our cell has not been dismantled at any time for the purpose of 
measuring the acid. In principle, it is based on the fact that if to, 
solution of known concentration but unknown weight a carefully 
measured portion of water or another solution differing in concen. 
tration be added, and the concentration again determined, the weight 
of both the original and final solution can be calculated. This 
method has not been used previously in this particular problem go 
far as we are aware. It has many advantages for the purpose and 
has enabled us to determine not only the number of equivalents of 
acid used per faraday, but also the number of equivalents of water 
formed. 

II. DESCRIPTION OF THE CELL 


The cell consisted of 11 pasted plates, 5 positives and 6 negatives, 
contained in a rectangular glass jar having a capacity of about 
one-half liter. Each plate was 9 by 2.5 by 0.8 cm. The grids weve 
castings of pure lead having a volume 1.8 cm ® and providing space 
for 5.7 cm * of active material. Each grid was provided with a long 
stem or terminal post, which was burned to the grid, using pure lead, 
The plates, which were made in the laboratory, were pasted with lead 
oxide mixed with dilute sulphuric acid. To the paste for negative 
plates, % percent of lampblack was added as an expander. The 
procedure for pasting the plates was similar to that previously 
described. 

The plates, after being pasted, were pickled in sulphuric acid of 
specific gravity 1.150 for 20 hours. They were formed at 0.4 ampere 
in a small tank containing sulphuric acid, initially 1.150 specific 
gravity. At the conclusion of formation the voltage across the cell 
was 2.63 volts, and cadmium voltages were +2.42 and —0.24 for 
the positive and negative groups, respectively. 

After formation the plates were cycled ten times in sulphuric acid 
of specific gravity 1.250. Charging was done at 0.5 to 0.75 ampere 
and discharging at 1.5 ampere. During the preliminary cycling the 
capacity of the cell increased and the cadmium voltage of the negative 
plates changed to —0.28. This rather large numerical value is 
characteristic of plates not containing antimony. 

When the plates were assembled in the cell they were spaced approx- 
mately 0.4 cm apart. The stems of individual plates were brought 
through holes in a hard-rubber cover and extended considerably 
above the cover. Glass tubes 6 to 7 cm long and extending above and 
below the cover were placed over each stem to provide additional 
insulation between adjacent terminals of opposite polarity. These 
glass tubes were supported by short sections of rubber tubing, which 
served also to seal the upper ends of the glass tubes. 

Slotted-rubber separators and glass rods were placed between ad- 
jacent plates of opposite polarity. Wood separators were not used as 
we desired to have free circulation of the electrolyte. 

Above the tops of the plates a free space of about 200 cm’ provided 
for the addition of weighed amounts of water or relatively concet- 
trated solutions of sulphuric acid as a means of changing the density of 


* Vinal, Craig and Snyder, BS J.Research 10, 798 (1933) RP567. 
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solution within the cell. Vent holes in the cover, normally closed with 
cork stoppers, provided for adding or withdrawing samples of electro- 
lyte from the cell and also for stirring the electrolyte by means of an 
air jet before mi iking titrations or density determinations. 


III. MANIPULATION OF THE CELL 
1. NECESSARY CONDITIONS 


The first requisite for the successful operation of the cell in deter- 
mining the relation of electrochemical products to the quantity of 
electricity discharged is that the cell shall be in normal operating 
condition. That is, the cell must be operating on a program of charges 
and discharges without interruptions, such as removing the plates for 
determination of their weight or porosity. Any unusual operation on 
the cell before beginning the experiment leaves a doubt whether it is 
in normal condition. 

The second requirement is that means must be provided to deter- 
mine with high precision the weight and concentration of the electro- 
lyte in the cell before and after each discharge. 

The third requirement is that the cell shall “be as free as possible from 
local action. 

The fourth requirement calls for high accuracy in electrical measure- 
ments of the coulombs discharged by the cell and of its electromotive 
force before and after each discharge as a test of the stability of the 
cell. These requirements have been met as described in the following 
paragraphs. 

We have prepared our cell by cycling it in the usual way up to the 
time for making the experiment and then determined the amount of 
electrolyte within the cell by observing the change in concentration 
when a carefully weighed portion of distilled water or sulphuric-acid 
solution is added. Such a change in equilibrium is essentially the 
same as occurs in the normal operation of the cell and it interferes in 
no way with the condition of the plates. 


2. TESTS FOR EQUALIZATION OF ACID AND THE STABILITY OF 
THE CELL 


After each addition of water or solution, it is necessary that the 
electrolyte be completely equalized throughout the vessel and the 
pores of the plates. We have two tests for determining when this is 
accomplished. 

Since the electromotive force (emf) of the cell is dependent on the 
concentration of the electrolyte, constancy of emf is an indication 
that the electrolyte is homogeneous throughout the cell. To avoid the 
difficulty which often arises in measuring the emf of a storage cell 
because its emf exceeds the range of the ordinary potentiometer, we 
opposed the emf of the storage cell to the emf of a standard cell, and 
measured the difference directly on a potentiometer. The emf of the 
standard cell was determined daily in terms of the Bureau’s primary 
standard of emf. This value added to the observed difference in emf 
between the cells gave the emf of the storage cell with high precision. 

The rapidity with which equalization is accomplished and the 
stability of the cell thereafter is shown by the results in tables 1 and 2. 
Table i gives measurements of emf after the completion of the dis- 
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charge of April 13. This table shows that the emf of the cell became 
practically constant in 2 hours. When the electrolyte was diluted 19 
hours after concluding the discharge for the purpose of determining 
the amount of electrolyte in the cell, a period of about 2 hours was 
required before the emf again became constant to 0.3 millivolt. The 
constancy of emf when equalization is established shows the stability 
of the cell and its freedom from local action, electrical leakage, ete, 


TABLE 1.— Measurements of electromotive force at 24° C 


Experiment of April 13, 1934 


(Time is reckoned from termination of the discharge) 














Time Emf Remarks 
Hours | Minutes Volts | 
0 | 0 |....-.-.--| Discharge stopped. 
! 10 1.977 | Electrolyte stirred at 0 hr, 5 min. 
l 20 2. 0334 | 
1 | 40 2.0348 | Electrolyte stirred at 1 hr, 25 min 
2 | 20} 2.0346 
6 | 30 2.0349 | Electrolyte stirred at 6 hr, 35 min. | 
17 | 30 2. 0352 | Electrolyte stirred at 17 hr, 35 min. 
18 | 30 2. 0349 | 
19 | | Ree .| Electrolyte diluted and stirred. 
19 30 1.9897 | Electrolyte stirred at 19 hr, 35 min. | 
19 40 | 1.9879 
20 35 | 1.9811 | Electrolyte stirred at 20 hr, 40 min. 
21 30 1.9789 } Electrolyte stirred at 21 hr, 35 min. | 
21 45 | 1.9798 | 
29 0 1.9794 | Electrolyte stirred at 29 hr, 05 min. } 
30 0| 1.9794 
42 0 1. 9795 | 
90 0] 1.9795 | 
114 0 1. 9796 





Table 2 shows the results of repeated measuremeats of concentra- 
tion of the solutions following the discharge of November 30. As in 
the preceding table, constancy is attained by allowing the cell to 
stand. The observed change in concentration which occurred 
between 3 hours 50 minutes and 13 hours 35 minutes after stopping 
the discharge amounted only to 5 parts in 1,000 of the total change 
resulting from the discharge of the cell. The electrolyte was then 
concentrated for the purpose of determining the quantity of electro- 
lyte. Between 27 and 50 hours the change was within the exper 
mental error. 


TABLE 2.—- Measurements of concentration of electrolyte 


Experiment of November 30, 1934 


(Time is reckoned from termination of the discharge) 











| | 
ane | Concentfa- | ae 
rime | tion Remarks 
| 
Hours Minutes Percent 
0 | 0 |............| Discharge stopped. 
| 3 | 50 | 23.534 | Stirred at 3 hr, 20 min. 
ll 35 | 23.504 Stirred at 11 hr, 20 min. 
12 10 23. 582 
12 | 35 | 23. 588 Stirred at 12 hr, 20 min. 
1 as 35 23. 579 
14 20 EE te 8 Concentrated acid added and stirred. 
27 | 20 | #34153 | Stirred at 26 hr, 50 min. 
50 | 50 | * 34.166 Stirred at 50 hr, 20 min. 





« Average of three determinations. 
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3. TEMPERATURE CONTROL AND PRECAUTIONS AGAINST 
EVAPORATION 


The earlier experiments were made while the storage cell was 
immersed in a thermostatically controlled oil bath. The object in 


controlling the temperature was to permit making precise measure- 


ments of electromotive force before and after discharge as a test of 
complete equalization of electrolyte throughout the cell. Although 
the cell was closed by a cover, evaporation was not completely 
revented. 

Experiment 8, which was made in two parts with great care, 
showed conclusively that evaporation was appreciable. Frequent 
weighings of the cell were made on a balance sensitive to 0.1 gram. 
The progressive loss in weight of the cell accompanied by a pro- 
gressive increase in density of electrolyte while the cell was on open 
circuit indicated that additional precautions against evaporation 
were necessary. 

The loss of water by evaporation depends on temperature and 
atmospheric conditions as well as on concentration. No corrections 
for this loss during the earlier experiments could be made. The 
amount probably varied from 0.5 to 1.0 gram or even more per day. 
This is a relatively large percentage of the total amount of water 
formed during discharge. 

In all the later experiments, therefore, the use of the thermo- 
statically-controlled oil bath was abandoned and the cell was kept 
under a sealed bell jar, except when the discharge was actually in 
progress. At such times it was in a covered glass vessel. Repeated 
weighings of the cell showed that its weight was much more constant 
under these conditions. It then became possible to determine with 
accuracy the water formed during discharge as well as the acid 
consumed. 


4. MEASUREMENT OF COULOMBS DELIVERED 


In some of the earlier measuremeats the current was measured by 
a calibrated ammeter, but in the later experiments we used a pre- 
cision 1/10-ohm shunt, measuring the fall in potential across its 
terminals on a potentiometer. Readings were taken at frequent 
intervals and the time integral of the current obtained. Time was 
measured by reference to the Bureau’s standard clocks. In all 
experiments an ampere-hour meter was included in the circuit as a 
check, but we have preferred to base the coulombs delivered by the 
cell on the more accurate measurements of current and time. 


5. RANGE OF CURRENT AND CONCENTRATION 


The electric current and concentration of electrolyte have been 
varied purposely from one experiment to another in order that the 
results of the experiments may not be limited to any particular 
conditions. The largest current used in any of the experiments was 
1.8 amperes and the smallest was 0.6 ampere. These currents 
correspond approximately to the 5-hour aad 20-hour rates for the 
cell, The highest initial concentration of the electrolyte was 42 
percent and the lowest 21 percent. At the end of the discharge the 
highest concentration was 38 percent and the lowest about 9 percent. 
Experiment 8 was made in two parts and the equivalents of acid 
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used per faraday for each part were compared. Notwithstanding J 
these variations in current, concentration, or part of the discharge 
no significant differences in the equivalents of acid used per faraday 
were found. 


IV. METHOD OF DETERMINING CONCENTRATION AND 
AMOUNT OF ACID 


1. DETERMINATION OF CONCENTRATION OF ELECTROLYTE 


Three methods were used for measuring the concentration of the 
acid. In the first two experiments the samples of acid withdrawn 
from the cell were titrated with CO,-free sodium-hydroxide solution, f 
The sodium-hydroxide solution, approximately 0.2 N, was standard. § 
ized with acid potassium phthalate. 

In experiments 3 to 5, the accuracy of the acid determinations 
was improved by making all titrations by weight. To the weighed 
sample to be titrated, a weighed amount of 0.2 N sodium hydroxide 
was added, stopping short, however, of the final end point, which 
was then determined volumetrically by using a solution of 0.02 N 
sodium hydroxide. The latter was freshly prepared and standardized 
before each experiment. All titrations were done in triplicate, the 
individual measurements agreeing to 0.01 percent of sulphuric acid, 

For experiments 6 to 12, we used a third method for determining 

9R AO 
the amount of sulphuric acid in the electrolyte. The density “a - 





was determined with a pycnometer immersed in a thermostatically. 
controlled water bath. Density determinations were then calculated 
to percentages of sulphuric acid by using data in the International 
Critical Tables. In some experiments, interpolation of data in the 
Critical Tables was carried to five figures. This was done in those 
cases where the density was very nearly the same after the final 
concentration as it was at the beginning of the discharge. 

The pycnometer was a bulb of Pyrex glass of about 15-ml capacity 
and provided with a graduated capillary stem. It was filled and 
emptied by a capillary glass tube. Repeated measurements were 
made, the agreement being indicated by the following group of density 
measurements, which were part of the experiment of November 30: 
1.16308, 1.16299, 1.16304, 1.16297, giving an average value 1.16302. 
The maximum difference of a single observation from the mean is 5 
parts in 100,000. 

Accuracy in determining the concentration of acid in the solutions 
is important, because the determination of the weight of electrolyte 
in the cell depends on the difference in concentration produced when 
a weighed portion of water or sulphuric-acid solution 1s added to the 
electrolyte in the cell. The factor which cannot readily be controlled 
is the difference in solubility of lead sulphate in sulphuric-acid solu- 
tions of various concentrations. For the extreme range in concen- 
trations which we have used, the solubility of lead sulphate as given 
by Dolezalek *° ranges from 0.01 mg-mol of PbSQO, in 1 gram-mol of 
sulphuric acid to 0.07 mg-mol of PbSO, in 6 gram-mols of sulphuric 
acid per liter. In other words, the lead sulphate in solution varied 
from 3 to 16 parts per million. We have not attempted to make 
correction for this dissolved lead sulphate. 


% Theory of the Lead Accumulator, page 145. 
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2. METHOD OF CALCULATING WEIGHT OF ELECTROLYTE 


When a weighed portion of water or of sulphuric acid of specified 
concentration is added to another portion of sulphuric acid of known 
concentration, but unknown weight, it is possible to determine both 
the weight of the latter and of the mixture on the basis of the con- 
centration of the resulting solution. Thus determinations of the 
weight of electrolyte in the cell at the beginning and end of a discharge 
have been made for all experiments except 1 and 7. For these the 
respective weights of electrolyte have been determined only at the 
end of the experiments. Particular care has been taken to equalize 
the electrolyte in all portions of the cell (see page 453) before attempt- 
ing to determine the weight of electrolyte. 9 EF 

The method of calculating the weight of electrolyte by mixing two 
portions of unlike concentration is shown in the following example 
In all cases the mixtures were made within the cell. Samples re- 
moved for titration were carefully weighed and allowance made 
for them. 

The following data apply to experiment 11 of December 7: (con- 
centrations are expressed as the weight fraction )— 


Initial concentration of electrolyte--.....-.---------- 2 eB 0. 22783 
¥ oh) aa ee ea rape ae eee ee se _.. 0. 59820 
Acid added (orent sdk ivnaidihen A POT ANON 
Concentration of resulting mixture________--_--- ne aan _. 0. 33447 


Let y= weight of electrolyte after mixing 


0.33447y— (0.59820 117.684) __9 oor 


y— 117.684 





0 ae ee ap eee SP pe ee ee 2 _.y=408. 73 g 
Deduct for samWOls TOMIOVAT. o6 5.0 5 kn senna msn i. --- 0 66.2 
Net weight of electrolyte at start of discharge --__-_-_- 5 us mnia UE 


A similar method was used to determine the weight of electrolyte at 
the end of discharge. The percentage strength and weight of elec- 
trolyte for each experiment are given in table 3. 


TaBLE 3.—Amounts of sulphuric acid consumed and water formed in discharging a 
lead storage batiery 






































> > yey ¢ 
| Discharge data HAO, joe Weight of solution | 
Experiment Date Acid | Water 
“xp oe aS $$ | used | formed 
Time | Coulombs} Start Finish Start Finish 
| 1934 Hours Grams Grams Grams | Grams 
l | Mar. 9 10. 42 45252 35. 53 DEO * bi. chats ee I eae = 
e. | Mar. 20 7.81 34992 36. 60 29.17 358. 77 330. 60 34. 87 6. 70 
Bi | Mar. 27 8.00 35833 28. 061 18. 933 341. 78 307. 65 37. 66 3. 53 
4 |} Apr. 6 8. 83 39116 30. 885 21. 684 358. 71 324. 73 40. 38 6. 40 
5 | Apr. 13 4.83 31232 32. 518 25. 607 364. 20 337. 88 31.91 5. 59 
oe 1 Oct. 5 10. 60 42088 28. 21 17. 89 355. 33 317. 20 43. 49 5. 36 
Bd -| Oct. 17 5. 84 23130 42.714 38. 346 j....... : 345. 92 j...... na Nee 
8a. . . hoot 31 { 5. 03 19786 20. 951 15. 850 |, 2 Ee epee 
8b. Sys 5. 80 22316 15. 850 eee MAGS Listvcdabstbisd<ou 
Piicstcnun non aoe Se 5.75 22638 41. 24 36. 72 360. 85 340. 28 23. 86 3. 2 
es | Nov. 30 19, 87 44173 33. 948 23. 584 351. 22 315. 14 44.91 8. 83 
Bios a) ee 6.73 31237 33. 447 26. 276 348. 07 323. 13 31. 51 6. 57 
Mi bcenckh 004) O86. FT 13. 42 38152 31. 141 22, 298 359. 09 326. 87 38. 94 6. 72 
| | 








* Between the two discharges 18.62 grams of electrolyte were removed for density determinations. 





















V. EXPERIMENTAL RESULTS 


1. DIRECT CALCULATION OF ACID USED AND WATER FORMED/ 


In the course of most of our experiments we determined the weight 7 
and percentage strength of electrolyte at the beginning and end off 
discharge. Sufficient data were provided thereby to calculate directly f 


the amount of acid consumed and water formed as a result of the 
reaction. No assumptions regarding the correctness or applicability 
of any theory of chemical reactions in the battery are necessary, 
therefore, in computing the number of equivalents of acid and wate 
taking part in the reaction. We know of no previous attempt t 
determine the amount of water formed by the process of discharge 
nor of calculations of the acid consumed, which are thus independent 
of theoretical assumptions. 

Nine of the twelve experiments reported in table 3 give directly 
the amounts of acid and water taking part in the reaction. Of the 
remaining three experiments, the first and seventh lack the initial 
weight of electrolyte and the eighth was subject to error in determining 


the water because of evaporation. These three experiments will bef 


discussed later. 

Table 4 gives the results of nine experiments in terms of the equiva. 
lents of acid consumed and water formed per faraday. The number 
of equivalents of H,SO, consumed per faraday is equal to 

F (pw— qu’) 


— "2 


C 49.04 
and the number of equivalents of H,O formed per faraday is equal to 


F (pw—qu’)—(w—v") 
C 9. 01 





In these expressions 
w =weight of electrolyte at beginning of discharge 
w’ =weight of electrolyte at end of discharge 
p=w eight fraction of sulphuric acid at beginning of discharge 
qg=weight fraction of sulphuric acid at end of discharge 
c=coulombs of electricity discharged 
F=value of faraday =96500 coulombs 
Equivalent weight of sulphuric acid=49.04 g 
Equivalent weight of water =9.01 g 
It can be seen that the expressions for the equivalents of H,S0, 
and H,O per faraday involve no assumptions regarding the reaction 
and that each of the unknown quantities can be determined exper- 
mentally. The average result of the equivalents of acid used per 
faraday is 2.02 +0.03, whether all the experiments are included in the 
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average or only the last four. The water determinations show mor | 


variation as would be expected. The mean of the last four exper: 
ments, in which evaporation was avoided, is 1.96 +0.19 equivalents 
per faraday. 

Direct determinations of the acid used and water formed afford 4 
severe test of the accuracy of the work. The average amount of elec- 


trolyte in the cell was about 335 grams, but the “actual change i 
Ww eight of the electrolyte from the beginning to end of a discharge © 
Fi 
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averaged only 35 grams. If an error as large as 1 gram were made in 
| determining the total weight of electrolyte, the percentage error 
“= | would be only 0.3 percent, but in calculations based on the difference 
eight © of the initial and final weights it would be 3 percent, or an error ten 
nd off times as great. The water formed is a still smaller part of the change 


> in weight of electrolyte and the supposed error of 1 gram in weight 
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‘ectly f : 
f thef. of the whole solution becomes about 15 percent of the water deter- 
bility}, mination. It is apparent, therefore, that the weight of electrolyte 
sary | must be determined very accurately if the direct calculations of water 
wate | formed and acid used are to be sufficiently precise to prove any par- 
pt tof ticular theory. 
arge, 
ide Taste 4.—Equivalents of acid consumed and water formed per faraday during 
nt discharge of the lead storage battery 
ectly | Equivalents per | 
t the faraday 
ni tial Experiment | 
ee 
ining H2S80,4 | H,0 
ill be —_—_—_—_—— — 
2. - 1. 96 2. 05 
. Db bbed ca anbiindadetusseseeeon 2. 07 1. 06 
ulVa- | oe 2. 03 1.75 
5 2.01 1, 92 
mber 3 2.03 1.36 
Dechasersesacsatnytecesocadaacraat 2. 07 1. 56 
10 2.00 2. 14 
11 1. 99 2. 25 
12 2. 01 1. 89 
Mean of all_....-.--.- ined 2.02 1.78 
Average deviation__-_---- 3 + 0.03 + 0.30 
Mean of last four---- ---- ‘ 2. 02 1. 96 
al to Average deviation----- siete + 0.03 + 0.19 
In experiments 3 and 6 the observed amount of water was propor- 
tionally less than that of several other experiments. In attempting 
to find why this should be, experiment eight was made with great 
care and an unusually long time was required for many repetitions 
aide of the density measurements. The results obtained by calculating 
8° © the water formed in this experiment were even worse than before. 
The cell was weighed periodically and found to be losing weight by 
| roughly 0.5 gram per day, while the density of the electrolyte was 
© gradually increasing. Weighings were made on a balance sensitive 
to0.1 gram. All the evidence indicated evaporation to be the cause 
50 of the discrepancy in amount of water. 
vein " Evaporation of water from the electrolyte was doubtless a source 
fer of error in several of the earlier experiments, particularly 3 and 6, for 
Pp which the percentage strength of the acid was low. We have no way 


ed | of correcting for loss of water in these experiments, but beginning 
' with the ninth experiment added precautions were taken to prevent 
'— evaporation. The weight of the cell in these last experiments re- 

' mained nearly constant. The results of water determinations of the 

| last four experiments are regarded, therefore, as more reliable than 
those which preceded. 

Clearly the results in table 4 show that two equivalents of acid are 
consumed per faraday and that two equivalents of water are formed 
simultaneously. Comparing these figures with the requirements 
of the several theories mentioned on page 451, it is found that they 
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satisfy exactly the requirements of the double-sulphate theory, but § 
fail to support any of the other theories. Fe 

Previous calculations of the equivalents of acid used per faraday 
have been based on a single determination of the weight of electrolyte, FF 
usually at the beginning of discharge. Such calculations assumed 
that an equal number of equivalents of acid and water were involved 
in the reaction. This had not been proved, but the assumption now 
appears to have been entirely justified. 

We are now in a position to calculate the results of all of our expen. 
ments, including the three which were omitted from table 4. By 
doing ‘this our results are presented in a manner analogous to that of 
previous investigators and accidental errors in determining the 
weight of solution become far less important than when we are dealing 
with the difference in weight at the beginning and end of a discharge, 


2. VALUE OF THE FUNCTION ¢ 


The equivalents of sulphuric acid which were consumed per fara. 
day of electricity, ¢,”° were calculated by the method used by some 
previous experimenters, that is from the change in concentration of the 
electrolyte during the experiment and the known weight of the electro. 
lyte at either the beginning or end of discharge. In those of our 
experiments for which we determined the weight of electrolyte both 
at the beginning and end of discharge, it is possible to compute two 
independent values for ¢, table 5. One computation serves as a 
check on the other, but they are independent inasmuch as each is 
based on independent determinations of the weight of electrolyte. 


TaBLE 5.—Equivalents of sulphuric acid consumed per faraday in discharging a 
lead storage battery 














Value of ¢ ‘ 
oe | Method for determining 
Experiment | | acid concentration 
| Equation 1 Equation 2 
| ed 

le és | i Pees Pee 2.04 | Titration by volume. 
2 d 1.97 1. 97 0. 

> d 2. 026 2.000 | Titration by weight. 
4_. ; 2.017 2. 010 Do. 

§.. | 2. 005 2. 003 Do. 

a; 2. 008 1.988 | Density. 

Tans os aa 2.019 Do. 

8a_ 2.026 |_..-- hace Do. 

&b pee ets 2. 007 Do. 

Re 2. 025 2.015 Do. 

10_. 2. 008 2.013 Do. 
ll 2. 001 2. 008 Do. 
12... 2. 002 1. 999 Do. 

Mean... -- niece 2.009 | 2. 006 

Mean of all-- _ 2,007 

Average dev iation from mean- ; cn siigitas nn A a 











Using the weight of electrolyte determined at the beginning of dis 
charge 








%=¢ (49.04 40.039) ¢ (1.2251—9) 


% Reference footnote 8, Trans. Am. Electrochem. Soc. 43, 99 (1923). 


wk (p—q) _ 2410.7 w (p—q) (1) 
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Similarly, using weight of electrolyte determined at end of discharge 


w F(p—q) _ 


___w' F(p—q)__2410. 7 w’ (p—q) 
oe (49. 04—40.03 p) 


ce (1.2251 —p) 
Applying the formulas 1 and 2 to the data of experiment 11 of 
December 7, as given in table 3, ¢ is calculated to be 
enRN BoOU cs Bul a Pe cee ¢=2. 001 
By formula 2___-_---- wud. oie’ yislec =2.008 
Using formula 1 based on the weight of electrolyte at the beginning 
of each discharge, the average result for all the experiments 
“ere Jed 2 volannelde J __.. @=2.009 
Probable error of mean +. 003 
Similarly, using formula 2 based on the weight of electrolyte at the 
end of each discharge, the average result for all the experiments 


=... Sk Soh aetna ae ties PP aah IRCA hte bea o=2. 006 
Probable error of mean eta tee mee oe * +. 003 
The two values for ¢ agree, therefore, within probable errors. 
The average of 22 determinations of ¢ is_- _. @=2.007 
Average deviation of a single observation. ; ‘ +.011 
This value for ¢ agrees closely with the theoretical value, 2, given 


by the equation representing the double-sulphate theory. 
VI. DISCUSSION OF RESULTS 


Throughout the experiments the cell was unusually stable. 
Repeated measurements of its electromotive force and of the concen- 
tration of its electrolyte have shown constant values after sufficient 
time had elapsed for equalization of the acid. During the 6 months 
from April 13 to October 5 when experiments were not in progress, 
the cell stood in a partially charged condition without harmful 
sulphation occurring or visible liberation of gas from the negative 
plates. We believe this stability was the result of constructing the 
cell with pure-lead grids, the use of reagent grade of sulphuric acid 
for the electrolyte, and the insulation of the terminal of each plate 
with a long glass tube. Such a cell may be expected to hold its charge 
for 6 months or a year. 

Although pure sulphuric acid was used for the electrolyte, small 
amounts of lead sulphate dissolved in it as the cell was worked. The 
amount varied with the concentration of the acid, but in any case 
probably did not exceed 0.1 mg-mol per liter. We were justified, 
therefore, in basing calculations of percentage strength on data apply- 
ing to pure sulphuric-acid solutions. We do not have sufficient data 
on the variation of the solubility of lead sulphate with acid concen- 
tration to warrant applying a correction for it. 

Tables 4 and 5 show that most of our determinations of the equiv- 
alents of acid used per faraday are slightly above the theoretical value, 
2, based on the double-sulphate theory. Several possible causes for 
this may be mentioned although it is not certain that any one of them 
was responsible. First, the unequal solubility of lead sulphate in 
the stronger solutions at the beginning of discharge as compared with 
the more dilute solutions at the end may have produced a slight 
effect. Second, an unobserved precipitate of lead sulphate may have 
118587—35—7 
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introduced a small error in the density determinations. We guarded 
against such a possibility by repeating density measurements at 
intervals of one-half to one hour after stirring the electrolyte. If g 
precipitate was settling out, concordant results could not have been 
obtained. 

Riesenfeld and Sass ” in commenting on the work of Cassel and 
Todt * emphasized the fact that the latter obtained two equivalents 
of acid used per faraday only after the lapse of considerable time fol- 
lowing each discharge. Determinations made shortly after comple- 
tion of dischs arge, on the other hand, were less than two by significant 
amounts. Cassel and Tédt have attributed low values to incomplete 
equalization of electrolyte, but Riesenfeld and Sass believe that the 
low values cannot be accounted for in such a manner. The latter 
think that a chemical reaction occurs during the period of standing, by 
which basic lead sulphate is transformed “to neutral sulphate. We 
have examined the records of our experiments in which samples of 
electrolyte were taken soon after the termination of discharge and 
have computed values of ¢, which are given in table 6. In all cases, 
values approximating two were obtained, including the measurement 
made only 15 minutes after the conclusion of the discharge when 
equalization of the acid in the pores of the plate was probably incon. 
plete. Our work in this respect does not confirm the hypothesis of 
Riesenfeld and Sass. 


TABLE 6. _—_—e ahha time of aw on values calculated iene o 


_ : Time of sampling |,,;.),,, ee 

Experiment | after discharge |’ alue es Remarks 
} 
—| 





Hours | Minutes | | 
15 | 1.976 |. 
| 


if 0 
x 3 | 30] 2.010 
‘| 15 | 0 | 2.026 | Steady value 
| 
I 1 | o) s@@L....2c08 
9 | 4 | 6) 2603 )........008 
‘| 19 0 | 2.024 | Steady value 
i if 4 | af 2.016 |....-... 
, ves | | 13 | 0 | 2.008 | Steady value 


| } 
The results of our work are entirely consistent with the double- 
sulphate theory and we have shown that 2.02+0.03 equivalents of 
acid are used and 1.96+0.19 equivalents of water formed by the 
passage of one faraday of electricity through the cell in the direction 
of discharge. We have found no evidence of the formation of basic 
sulphate or any spontaneous change occurring in the cell when on open 
circuit after discharge. 


WASHINGTON, January 19, 1935. 


27 Z.Elektrochem. 39, 219 (1933). 
% Z.angew.Chem. 36, 227 (1923). 
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RELATION OF INK TO THE PRESERVATION OF WRITTEN 
RECORDS 


By Elmer W. Zimmerman, Charles G. Weber, and Arthur E. Kimberly ' 


ABSTRACT 


The life of written records depends on the stability of both the paper and the 
ink. Investigation of the comparative resistance of inked and uninked speci- 
mens to the effects of an accelerated-aging test, consisting in heating the sam- 
ples 72 hours at 100° C, revealed that the rate of deterioration of writing papers 
was increased by the common type of writing inks. The effect on papers suitable 
for permanent records, which deteriorated very little when uninked, was more 
apparent than on papers of lower grade. An ink made with ammonium ammo- 
niumoxyferrigallate was found to have a minimum of deleterious effect. 


CONTENTS 
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4. Reproducibility of results______- 467 
V. Summary and conclusions- --- _- 468 


I. INTRODUCTION 


Many records are still preserved in manuscript form, the perma- 
nence of which depends upon the type of paper and ink used. A 
study of writing papers at the National Bureau of Standards has 
revealed much information relative to the influence of the properties 
of paper and the conditions of storage on the lasting quality of 


9 


record papers.” The work of previous investigators * shows that some 
inks have a deteriorative effect on paper. The published results are 
contradictory with respect to the effects of the separate components 
of ink on paper, and modern types of domestic record papers were 
not included in the experiments. The work here described was 
undertaken to obtain information regarding the effect of writing inks 
and their components on domestic papers. 


Formerly Research Associate at the National Bureau of Standards for the National Research Council 
‘A. E. Kimberly and B. W. Scribner, Misc. Pub.BS M144 (1934). 
‘C. Wurster, Ber. Deut. Chem. Ges. 10, 1794 (1877). 
Q, Schluttig, and G. 8. Neumann, Die Eisengallustinten, V. Zahn und Jaensch (Dresden, 1890) 
P. Ebrle, Zentr. Bibliothekwesen. 15, (1898) 
Posse. Apollo Press (Dresden, 1899). 
O. Winkler, Z.angew, Chem. 16, 27 (1903). 
A. J.J. Vandervelde, Rev. Bibliothéques Arch. Belgique 4, 77 (1906). 
W. Haerting, Kolloid-Z. 25, 74 (1919). 
W. Herzberg, Papierpriifung, p. 67 (Berlin, 1866). 
W. Herzberg, Mitt. Materialpriifungsamt, Berlin-Dahlem, 40, 90 (1922). 
W. Herzberg, Paper Makers’ Monthly J. 61, 236 (1923). 
W. Herzberg, Wochbl. Papier-Fabr. 55, 335 (1924); Chem. Abst. 18, 1750 (1924). 
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II. INKS AND PAPERS STUDIED 


Three inks were first prepared in the laboratory, using the specifi. 
cation for government standard griting ink* as a guide. The first 
was made according to the specification. The second was a duplicate 
of the first, except that a chemically equivalent amount of sulphuric 
acid was substituted for the hydrochloric acid, and the third was like 
the second with one percent of gum arabic added. These inks are 
numbered 1, 2, and 3 respectively in table 1. Seven solutions, listed 
in table 2, were also prepared, each of which contained a different 
component or a combination of components of the concentration used 
in ink number 1. With the information on the action of these inks 
and the solutions of their ingredients as a guide, nine additional 
writing inks (numbered 4 to 12 in table 1) were prepared for testing, 
Materials of the ordinary reagent quality were used for all of the 
ingredients except the ferrous sulphate, which was purified by pre. 
cipitation with alcohol.® 












































TABLE 1.—Test data on writing inks 
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TABLE 2.—The influence of ink constituents on the deterioration of paper no. 7 ani 
on the corrosion of steel pens 























} Retention of 
| Corrosion /folding endur- 
| of steel, g ance after 
Solution | Ink constituents in solution of iron dis- | heating, in 
solved by | percentaged! 
25 ml of ink | initial endur- 
ance 
| Tannic acid, gallic acid, FeSO4_- | . 008 i 
ee | Tannic acid, gallic acid- ty eat . 008 2 
( | Tannic acid, gallic acid, HC1_-- | . 034 ce 
= ic . pay : see . 029 
aS fo © aR Tee et : . 028 
F -| HCl, FeSO,, tannic acid, gallic acid_- . 035 
G & “Neos PR i 004 








* Untreated paper. 





« Federal Specification T T-I-563, Ink; Writing. 
5 E. Thorpe, Dictionary of Applied Chemistry, III, 861 (Longmans, Green, and Co., London, 1922). 
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Seven writing papers, varying as to fiber composition and sizing 
materials, were selected for use in the tests. These papers are 
described in table 3. 


III. PROCEDURE 


In order to determine the effect of the writing inks on the deterio- 
ration of paper, inked and uninked specimens of the papers were 
subjected to an accelerated-aging test *’ that has been employed by 
this Bureau for estimating the relative permanence of papers.® 

The inked specimens were prepared by drawing parallel lines 
approximately 0.02 inch wide, spaced 0.036 inch apart, across one- 
half of each sheet of paper. The lines on half of the sheets were 
parallel to the machine direction of the paper, and on the others were 
at right angles to the machine direction. The sheets were conditioned 
two weeks in an atmosphere of 65 percent relative humidity at 70° F 
and then aged at 100° C for 72 hours. The folding endurance of the 
samples was determined on an MIT folding-endurance tester.? The 
results of 20 tests, 10 made parallel to the machine direction and 10 
made at right angles to the machine direction of the paper, were 
averaged to give each of the figures reported in the tables. In each 
case the folds were made at right angles to the ink lines. The relative 
stability of the inked and uninked specimens, as shown by the de- 
crease in the retention of folding endurance after the accelerated- 
aging test, was considered indicative of the deteriorative effect of the 
ink on the paper. Inked and uninked specimens were conditioned 
and tested simultaneously. 

All of the papers were tested with inks 1, 2, and 3 in order to find 
the influence of the paper on the ink, and all the inks were tested on 
one paper to compare the relative effect of the different inks. The 
inks were also tested for sediment and corrosion by the methods 
given in the specification for writing ink", and the writing quality 
was observed. 


IV. RESULTS OF TESTS 
1. COMPARATIVE QUALITIES OF THE INKS TESTED 


The standard writing inks were all found to be very harmful to the 
paper. The effects were so serious that further investigation was con- 
fined to different types of inks in an effort to find one less harmful to 
paper. ‘Twelve inks were tested. The results of the tests are given 
in table 1. The inks containing ammonium ammoniumoxyferrigal- 
late prepared according to the method of Silbermann and Ozorovitz " 
gave promising results. These inks are identified in table 1 as nos. 
11 and 12, and the formulas are identical except that ink 12 is a 
weaker solution. 

Tests of ink 12, made in duplicate, showed no significant harmful 
effect on paper. In addition to being the best ink tested as regards 
harmful effects on paper, this ink flowed well from a pen, did not 
form a sediment when exposed to the air for a month, and was only 
mildly corrosive to steel pens. 





*R. H. Rasch, BS J. Research 3, 476 (1929) RP107. 
'R. H. Rasch, and G. O. Stone, Paper Trade J. 95, T540 (July 1932). 
'R.H. Rasch, and B. W. Scribner, BS J. Research 11, 727 (1933) RP620. 

* Tech. Assn. Pulp & Paper Ind., Paper Testing Methods, p. 62 (1929 ed.) 
Federal Specification T’T-I-563; Ink, Writing. 

" Bul. Soe. Stiinte 17, 43-57 (1908); Chem. Zentrbl. 1908, II, 1024. 










































466 Journal of Research of the National Bureau of Standards {voi. 1 


The only other ink tested that was less harmful to paper than the 
standard ink was made with a sample of soluble prussian blue purified 
by dialysis. The dried material dispersed very readily in water and 
did not precipitate on standing for months. When this ink came in 
contact with iron, the prussian blue precipitated on the metal in large 
flocks, which makes the ink unfit for use with steel pens. 

The data in table 2 show that the deleterious effects of ink on paper 
can be attributed to the iron salt and the mineral acid. There was no 
apparent correlation between the corrosion of steel and the effects on 
paper. It is also shown that the total corrosion of steel caused by an 
ink is not dependent exclusively on the amount of mineral acid in it, 
because the effect of gallic and tannic acids is too large to neglect. 
This observation agrees with F. F. Rupert’s” findings. Data in 
table 1 indicate that inks made with hydrochloric acid are no more 
corrosive to steel than inks made with sulphuric acid. 

The testing of the inks for sediment formation showed that the 
addition of gum arabic to ink apparently postponed the formation of 
sediment. Ink 2, containing no gum arabic, had after 2 weeks only a 
slight sediment, which increased slowly. On the other hand, ink 3, 
made according to the same formula except for the addition of 1 
percent of gum arabic, showed no sediment until the end of the fourth 
week. However, after the sediment began to form, it accumulated 
very rapidly and formed a thick sludge. 

The inks were tested for permanence on paper by exposing inked 
specimens to the carbon-arc light of a Fade-Ometer. All were found to 
be practically unimpaired as regards legibility during the life of the 
paper, which indicated good resistance to fading. 


2. RELATIVE EFFECTS OF INKS ON DIFFERENT PAPERS 


The deteriorative effects of inks 1, 2 and 3 on all of the papers 
were determined to find the relation between the composition of the 
paper and its susceptibility to deterioration by the action of the inks. 
A zcomparison of the deteriorative effect of inks 1, 2, and 3 on the seven 
different papers is shown in table 3. 





TaBLe 3.— The effect of inks on the various papers 




















Retention of folding en- 
Fiber composition, percent durance after heating, in 
percentage of initial 
Paper number Sulphite Sizing materials Inked 
Highly 
‘ purified Un- 
Rag tin: wood inked | tx | Ink | Ink 
Bleached bleached fibers no. 1| no.2| n0.3 
l Cherie Feo es ‘Cece 100 | Rosin and glue._-- 83} 51] 41 62 
2 60 PERE TR Re be bint) MOMS Josué 63 43 45 50 
3 60 | ee Sea ee 42 24 23 zi 
RE RES EIR re RES Sees Raed Bee... 40. 42 0 16 17 
eS ee eee 50 50 |. Pe ETS 6 ee. ok 23 8 9 3 
| EER es AS oleate lace eae és 100 | Rosin and starch-- 98 48 55 ae 
Widade. Suit tow erde Ot A I Riis 2 ae ei 72 50 54 82 
































The figures in the table do not show any consistent relationship 
between the quality of the papers and their resistance to the deterio- 
rating action of ink. In general, the action of ink on the good record 


12Ind.Eng.Chem. 15, 489 (1923). 
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papers, which, when uninked, were almost unaffected by the aging 
test, was much more serious than its action on a poor grade of paper, 
which deteriorated rapidly even when uninked. This tendency is 
shared with sulphur dioxide."* The kind of sizing had no significant 
effect on the resistance of the papers to the harmful action of the inks. 


3. INFLUENCE OF INK ON ACIDITY OF PAPER 


Some information on the increase in the acidity of the paper was 
obtained by testing inked and uninked specimens of paper no. 1, 
ruled with ink no. 1, before and after heating. The results of these 
tests are contained in table 4. 


TABLE 4.—Influence of ink on acidity of paper 


[Paper no. 1. Ink no. 1.] 




















Acidity in terms of 
percent SO; Total 
: increase 
onan ncrease over 
Specimen After | on heating] original 
Before heating 72 uninked 
heating hours at specimen 
100° C. 
Percent Percent Percent Percent 
ETO RTE EE MiP) NO eh eR SORT nL oe ‘ . 114 . 123 
i ee aS eke Be a oe Oe . 169 . 220 36 93 
| 





While the data in table 4 were obtained on one paper and one ink 
only, they show that the total acidity of paper was increased by the 
use of a harmful ink; also, that the acidity of the inked paper increased 
much more rapidly under the accelerated-aging treatment than did 
that of the same paper uninked. High acidity accelerates the deteri- 
oration of paper fibers. 


4. REPRODUCIBILITY OF RESULTS 


Three different tests were made to determine the reproducibility 
of the results. These tests were made from 6 months to a year apart 
by different operators using different preparations of the same inks. 
The results of these tests, listed in table 5, are within the limits of the 
maximum deviation obtained in testing the untreated paper. 


TABLE 5.—Tests to show reproducibility of results 

















{Paper no. 7] 
Retention of fold- 
ing endurance 
a nesting 72 
1 ‘ 
Ink number Date of test ee 

Uninked| Inked 

paper paper 

Percent | Percent 
RRR cian i ee eee nh a ee eee Cee 74 55 
RN ee a 71 61 
asc ntndd Lill dpm awk elie Aa babuvies heed audinlkakeLsuwn lucie n> kaa 73 58 
"| ae eer ...-| May 21, 1934 77 67 
Re a eh kr Aug. 25, 1933 61 61 
SHRINE cSt edie aan in ieee .| May 21, 1934 74 66 

















4 A. E. Kimberly, BS J. Research 8, 159 (1932) RP407. 
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V. SUMMARY AND CONCLUSIONS 


Iron-gallotannate ink, prepared according to the government 
formula for standard writing ink, was found to greatly accelerate the 
deterioration of the papers in the heat test. The effect on papers 
suitable for permanent records, which deteriorated very little when 
uninked, was more apparent than on the papers of lower grade. 

Of those inks tested, a type of ink containing ammonium ammoni- 
umoxyferrigallate, prepared according to the method of Silbermann 
and Ozorovitz, had the least harmful effect on paper. This ink had 
good writing quality, was stable and only mildly corrosive to pens, 
and the deleterious effects on the paper were negligible. It appears to 
be a satisfactory record ink. 


WasHInGcTON, February 5, 1935 
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RECENT STUDIES OF THE IONOSPHERE ? 
By Samuel S. Kirby and Elbert B. Judson 


ABSTRACT 


Results of ionosphere measurements utilizing transmissions at vertical inci- 
dence and made weekly over a period of 18 months are discussed. Typical 
graphs of diurnal variations of the E-layer critical frequency and its relation to 
the ionizing force of the sun are shown for three seasons. Similar graphs for the 
F, layer are included as well as a seasonal curve of midday, and maximum critical 
frequencies of this layer. The absence of midday F; critical frequencies during 
the summer is pronounced. 

A sporadic E layer appearing at the same virtual height as the normal E, and 
after the normal E has reached its critical penetration frequency, is discussed. 
A comparison of its appearance with local thunderstorms, is tabulated. 

The presence of a tentatively named G layer is indicated. 
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I. INTRODUCTION 


Observations of the virtual heights of the ionosphere, made one day 
each week and extending over a period from June, 1933 to November 
7, 1934 have presented an opportunity to continue the study of 
diurnal and seasonal effects and to compare them generally with 
other natural phenomena. Furthermore, other new and interesting 
phenomena have been observed, wholly due to the continuity of a 
day’s “‘run’”’ over a large range of frequencies. The purpose of this 
paper is to present and interpret this series of data. 

The method employed in the experiment is essentially that of 
Breit and Tuve with modifications of technique similar to those 
described by Kirby, Berkner, and Stuart.’ 

Some data for diurnal variations of E critical frequencies have been 
contributed by T. R. Gilliland * of the National Bureau of Standards, 
from records of ionosphere heights made by his automatic recorder 
operating over a range of frequencies from 2,500 to 4,400 ke/s. Since 
these continuous records were available in this band of frequencies, no 
manual measurements between these limits were necessary. 





Mu =r in part at the Ninth Annual Convention, Institute of Radio Engineers, Philadelphia, Pa., 
ay 27-30, 1934. 
aan Berkner, and Stuart, BS J.Research 12, 15 (1934) RP632; also Proc.Inst.Radio Engrs. 22, 481 


3 Gilliland, BS J. Research 11, 561 (1933) RP608; also Proc.Inst.Radio Engrs. 22, 236 (1934). 
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It nas been well established that in the latitude of Washington there 
are two major layer: in the ionosphere at all times and a third present 
in the daytime, especially during the summer. The first two are 
known as the E layer, 100 to 120 kilometers above the earth, and the 
F, layer, at approximately 230 to 350 kilometers virtual height. The 
third or F, layer appears at heights of 180 to 240 kilometers. Earlier 
experiments indicate that radio-frequency energy is returned to 
earth from these layers by a process of refraction, and these conclu- 
sions are further substantiated by the data herein given. The sharp 
rise in virtual height occurring at the critical penetration frequency 
and magneto-ionic double refraction which is observed in the F, and 
F, layers, indicate refraction. When magneto-ionic double refraction 
is observed, the critical frequency occurring at the lower frequency is 
the ordinary ray while the one at the higher frequency is the extraor- 
dinary ray. These phenomena are clearly shown in the graphs in 
figure 1. Although well-defined critical penetration frequencies are 
usually found in the E region, no evidence of magento-ionic double 
refraction has been observed. 
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Ficure 1.—Typical frequency sweep and the three major layers, E, F,, and F2, with 
their critical frequencies. 
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The critical or penetration frequencies are indications of the maxi- 
mum ionization density of the layers and are defined as the lowest radio 
frequency of a wave which penétrates a layer at normal incidence. 

The relation between the maximum electron density and critical 
frequency for the ordinary ray in apy layer in the absence of dissipa- 
tion is given by the well-known equation: 


eg 
.*a3m 
N=L=2™ 108 (1) 
=1.24 f”? 107 
where (1a) 


N=number of ions per cubic centimeter. 
ft =critival frequency of ordinary ray in ke/s, 
m=mass of ion in grams, 

e=charge on the ion in electrostatic units. 
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The relation between the critical frequencies for the ordinary and 
extraordinary rays is given by the well-known equation: 


F=f. S-—Su) (2) 
where 
f;=critical frequency for the extraordinary ray, 
ae ‘ 
Ju = saul * ke/s (3) 


fu==1,460 ke/s at Washington for electron ionization. 


DIURNAL VARIATION OF CRITICAL FREQUENCY 
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FicurRE 2.—Typical curves of diurnal variation of critical frequencies of E and 
F, layers for fall. 


An indication of the diurnal variation of critical frequency for the 
various layers, corresponding to different seasons of the year, is given 
in the graphs of figures 2, 3, and 4. 


II. E LAYER 


E-layer critical-frequency measurements were made at frequencies 
of 2,500 ke/s or lower at early and late hours of day, and at night. 
Data for higher frequencies measured nearer noon were taken from 
Gilliland’s records. The critical frequency of the normal E layer is 
most clearly in evidence during the fall, winter, and spring. During 
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the summer it is frequently obscured by the sporadic E, which will be 
discussed later. The lower graphs of figures 2, 3, and 4 are for the 
E layer. 

The normal E critical frequency rises rapidly out of the broadcast 
band above 1,500 ke/s shortly after sunrise, comes to a broad maxi- 
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Figure 3.—Typical curves of diurnal variation of critical frequencies of E and 
F, layers for winter. 


mum at noon, and falls rapidly into the broadcast band just before 
sunset. The graph of critical frequency versus time of day is approxi- 
mately symmetrical about the noon axis. These facts indicate a rapid 
recombination of ions and that the ionization density is a simple func- 
tion of the ionizing force of the radiation from the sun during most of 
the time between sunrise and sunset. If recombination is rapid it 
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may be shown from results of Pedersen‘ that the normal diurnal 
variation of f,” should follow the relation of f,” =f,” max (cos y)', where 
y is the angle which the sun’s rays make with the zenith. Data taken 
during the period preceding and following the eclipse of August 31, 
1932, were found to agree well with this relation.® 
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FigurE 4.—Typical curves of diurnal variation of critical frequencies of E and 
F, layers for spring. 


The lower graphs of figures 2, 3, and 4 show the diurnal variation 
of f, (critical frequency for the E layer), determined experimentally 
and also the diurnal variation of (cos ¥)* plotted in arbitrary units. 

‘ Pedersen, Propagation of Radio Waves. Chapters V and VI 


s Kirby, Berkner, Gilliland, and Norton, BS J.Research 11, 829 (1933) RP629; also Proc. Inst. Radio 
Engrs. 22, 247 (1934). 
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From these figures it may be seen that the diurnal variations of /, and 
(cos y)t are approximately the same during most of the time that the 
sun is above the horizon. Also from equation 1 these figures indicate 
that N is proportional to (cos ¥)! during most of the day. 

The rate of change of ionization density may be expressed by 


aN 
dt 


where J is the number of ions produced per second by the ionizing 
agency, a is the coefficient of recombination, and N is the number of 
ions per cubic centimeter. J is assumed to be proportional to cos y. 
Since the diurnal variations of N and (cosy)! have been found to be ap- 


=I—aN? (4) 


proximately equal, S must be small and J is approximately equal to 


aN*. To satisfy this condition it is necessary that aN? be large or, 
in other words, that recombination in the E layer during the daytime 
be rapid. Pedersen has shown from the work of Thompson and 
others * that ais of the same order of magnitude for electrons and heavy 
ions. Since aN®* represents recombination, a rapid recombination 
would indicate a large value of N. From equation 1 a large value of N 
giving a moderately low value of critical frequency, such as the E 
critical frequencies, indicates a large mass for N. These results sug- 
gest that the E-layer ionization is composed mainly of heavy ions 
rather than electrons. 

Further evidence in support of this conclusion is found by consid- 
ering the phenomenon of magneto-ionic double refraction. This is 
commonly observed by the splitting of refractions in the F, and F, 
layers into ordinary and extraordinary rays with a frequency separa- 
tion between the critical frequencies of approximately 800 ke/s. This 
is just about the frequency separation obtained by calculations from 
equations 2 and 3, where the ionization of the layer is electronic and 
the earth’s magnetic field is 0.52 gauss, which is the approximate value 
at a height of 180 kilometers at Washington. Magnetic splitting has 
not been observed for E-layer refractions. This pomt is considered as 
further evidence for an E layer of heavy ions. It may be seen from 
equations 2 and 3 that for heavy ions the critical frequency separa- 
tions between the ordinary and extraordinary rays would be of the 
order of a few hundred cycles per second. This separation could not 
be resolved by the equipment used. 

It is therefore concluded, both from the rapid rate of recombination 
observed and from the absence of magnetic splitting, that the normal 
daytime E layer is preponderantly made up of heavy ions rather than 
electrons. 

So far it has seemed impracticable to follow the E-layer critical fre- 
quency down into the broadcast band in the evening because the trans- 
missions would interfere with reception of broadcast programs. 
Measurements in the band (600 to 1,500 kc/s) made between 2000 
EST and sunrise show that the E layer is frequently penetrated at 
frequencies of 600 to 800 ke/s. No definite E critical frequency has so 
far been observed at night. This phenomenon will be discussed under 
the section on ‘‘sporadic E layer.” 


6 Pedersen, Propagation of Radio Waves. Chapter V. 
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Judson 


During the months May to August, E-layer critical frequencies 
below 2,500 ke/s during the early and late part of the day, if they 
existed, were usually obscured by sporadic E-layer reflections. Satis- 
factory measurements of diurnal variations were not obtained during 
these months at frequencies below 2,500 ke/s. 
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FigurE 5.—Curve showing the absence of F,-layer refractions and the formation of 
sporadic E-layer reflections, often experienced during the summer. 


III. F,; LAYER 


Characteristics of the F, layer were discussed in an earlier paper.’ 
Some additions to and modifications of the data and conclusions pre- 
sented there are now desirable. 

In general, midsummer, midday measurements of F.-layer heights 
and critical frequencies were unsatisfactory. Frequently no reflec- 


ssi tite Berkner, and Stuart, BS J. Research 12, 15 (1934) RP632; also Proc. Inst. Radio Engrs. 22, 
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tions or refractions could be received at frequencies above f” »; (critical 
frequency of the ordinary ray for the F, layer) and sometimes none 
at lower frequencies. Figure 5 shows a typical summer-day run, 
The general absence of F, refractions at frequencies above 5,000 ke/s 
may be caused by absorption. 

Sporadic E reflections when present at these frequencies, as they 
were frequently, were of medium amplitude, indicating that the 
absorption below the E layer was not extremely large. Also lower 
frequencies were not so highly absorbed in going to the E layer, 
Therefore it is believed that if the absence of refractions above 5,000 
ke/s during the summer midday is due to absorption, the absorption 
is not mainly below the E layer. The absence of refractions could be 
explained on a basis of low ion density although such would hardly be 
expected during the summer midday. The total number of ions 
formed by the ionizing agencies, principally solar radiation, at this 
time might be a maximum and yet the ion density be low because of a 
thicker layer being formed. Figure 6 shows the annual variation of 
the midday f” » which reaches maxima about November 1 and March 1. 
The possibility that the F, layer loses some of its ionization to the 
F, layer during spring and summer may account for its lower critical 
frequency during this time. Consequently, high absorption is not 
needed to explain the absence of refractions from the F; layer above 
5,000 ke/s during the midsummer day. Whether absorption or low 
ion density is the cause of the absence of these refractions is a question 
which remains unanswered. 

Diurnal variations of f’ (critical frequency of the extraordinary 
ray for the F, layer) are shown in the upper graphs of figures 2, 3, and 4. 
It should be noticed that these are not symmetrical about noon but 
are displaced toward the afternoon hours and have many irregularities 
in them. Also it should be noticed that the maximum value of fp, 
does not occur necessarily, at midday. fy, maxima occur at other 
times, mostly after noon. These maximum fy; values are also shown 
in figure 6. Furthermore, when no midday F;, reflections are observed, 
they often appear after noon. 

Figure 6 shows the annual variation of noon values of f’y,. Summer- 
time values are uncertain or missing. In the early fall the critical 
frequency rises until about November 1, then falls to a minimum after 
midwinter, rises to another maximum in March, and falls again in the 
spring. It was known from earlier results that f,. was higher in the 
winter than in the summer, although the two maxima in November 
and March were not previously discovered. It is not known that 
these appear every year, but earlier data, though not complete, would 
indicate that they probably do. 

Experiments indicate that the F, critical frequency does not follow 
closely in phase with the ionizing force of the sun, either diurnally 
or annually. That the sun has a major influence is shown by the 
diurnal variation from day to night, f’» rising rapidly after sunrise. 
The diurnal variations might be explained as a lag due to slow ioniza- 
tion and recombination, but the annual variations can hardly be 
explained on such a basis. From November to March the variations 
in the critical frequency of the F, layer are reasonably consistent 
with variations of the ionizing force of the sun. 
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IV. SPORADIC E 


Frequently, pulses are received with a retardation approximately 
that of E-layer refractions but for much higher frequencies than those 
for which E-layer refractions are normally observed. This effect is 
very common in the summer and is especially so during the summer 
evenings, although it may occur at any season, particularly in the 
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Figure 7.—Typical curves for summer, day and night, showing a strong F layer 
appearing through sporadic E-layer reflections. 





























evening. This effect is believed to be due to reflection from the sharp 
boundary of the E layer. It has previously been attributed to an 
increase in ionization brought about at irregular periods by some 
geophysical phenomenon. The British, in particular, have advanced 
the view that an abnormal ionization was produced in the E layer 
by the charge in clouds during a thunderstorm. No correlation 
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between the occurrence of thunderstorms and sporadic E reflection 
has been found at Washington; even local thunderstorms produce no 
noticeable effect. These reflections have been received at frequencies 
up to 9,400 ke/s when the U. S. Weather Bureau reported no thunder- 
storms within a radius of 300 kilometers during the 24-hour period. 
So far no correlation between the occurrence of sporadic E and 
magnetic storms has been found. 

Reasons for believing that the sporadic E is a reflecting rather than 
a refracting layer are as follows: 

1. The E layer normally returns energy to some extent at fre- 
quencies far above the E critical frequency. Although these reflec- 
tions are rather weak and unstable they seem to indicate a more or 
less sharp boundary. 

2. Refractions from the F; and F; layers are received simultaneously 
with sporadic E reflections over frequency bands of several thousand 
kilocycles per second as is shown in figure 7. Refracting layers are 
not thus transparent except for frequencies above a critical frequency. 

3. The disappearance of sporaaic E reflections as the frequency is 
increased is not usually accompanied by a sharp increase in virtual 
height such as would indicate a critical frequency and such as is 
shown by the regular refracting layers. The disappearance of the 
sporadic E is marked by the gradual weakening of the pulses as the 
frequency is increased until their amplitude falls below the noise level. 

4, Such large increases of E-layer ionization at night do not seem 
likely when the regular E-layer ionization follows so closely in phase 
with the ionizing force of the sun during the day. The ionization 
densities required to refract the waves at these frequencies would be 
six to eight times normal noon values of ionization density. 

Table 1 shows the occurrence of sporadic E reflections during local 
thunderstorms. On July 4, 28 and August 1, non-local thunderstorms 
occurred within 100 kilometer radius of Washington. On these days 
the upper frequency of occurrence of sporadic E (above 4,500 ke/s) 
was 10,800, none and 9,200 kc/s respectively. 


TaBLE 1.—Sporadic E for days on which local thunderstorms occurred 


Local thunderstorms Sporadic E 





Time of Upper frequency of oc- 
occurrence Intensity Time (EST) currence of sporadic E 
(EST) (above 4,500 kc/s) 





1934 


ke/s 

April 4..._____ bie is -.-} 1200 to 1500_.| Moderate_-__.-.| 1040 to 2032_.| No E reflections. 
| Seana -| 1200 to 2200__/.....do_........} 1012 to 2148.. Do. 

0822 to 1230__| 8,400. 

1315 to 1430_.| No E reflections. 

June 27... _- ; ; : 1430 to 1530_.| Severe 1430 to 1524_.| No data; severe static. 








August 15 ven B {ras to 1740_-| 7,000. 
1758 to rag No E reflections. 
1 1003 to 1911-_. Do. 
el ee ae -----=---l11906 to. 192777] 5,000. 


Oil Raa | | 











The data for nonlocal thunderstorms were taken from the weather 
maps and other material furnished by the Weather Bureau. The 
thunderstorms were given only for the 12-hour periods 0800 to 2000 
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and 2000 to 0800 EST and no indication of the intensity was given; 
some of the storms being indicated by a single clap of thunder. Op 
July 4 the weather was locally fair, but one thunderstorm was re. 
ported just inside the 100-kilometer radius and another in the 100 
to 200 kilometer zone. No precipitation was indicated so that it 
might be concluded that these were very minor storms. At about 
1900 EST on the evening of July 4 sporadic E was found up to 10,800 
ke/s, the highest so far recorded. ‘This is shown in figure 5. There. 
fore close correlations in time between the occurrence of distant 
thunderstorms and sporadic E were not always possible. In the 
case of local thunderstorms, however, the time of occurrence was 
observed by us, and a fair estimate of the electrical intensity of the 
storm was also obtained. Therefore, if there is a correlation between 
the occurrence of thunderstorms and sporadic E, this correlation 
should be more positive for the case of local thunderstorms than for 
the thunderstorm data taken from the weather maps. 

Table 2 shows the occurrence of sporadic E during the days on 
which no thunderstorms occurred within a radius of 300 kilometers of 
Washington. The above data fail to indicate a direct correlation 
between thunderstorms and sporadic E. Sporadic E is just about 
as prevalent on days when there are no thunderstorms within 300 
kilometers as when there are severe local thunderstorms. Both 
phenomena are at a maximum during the summer months and this 
fact in itself suggests a correlation, but when the occurrences of 
thunderstorms and sporadic E are compared in more detail the 
correlation fails. 


TABLE 2.—Sporadic E for days on which no thunderstorms occurred within 300- 
kilometer radius during summer of 1934 





Upper frequency of oc- 
currence of sporadic E 
(above 4500 ke/s) | 





ke/s 
April 18._.........-| No E reflections. 


1934 } 


.-| 9,200. 
.| No E reflections. 
7,500. 











Another phenomenon believed to be a manifestation of the sporadic 
E layer occurred frequently during the early evening of the fall and 
sometimes winter on the frequency band 1,600 to 2,500 ke/s. This 
is illustrated by figures 8 and 9 for October 6, 1933 and January 3, 
1934. The E-layer critical frequency was observed to drop below 
1,600 ke/s (fig. 8, a, b, c) before sunset. E-layer reflections accom- 
panied by strong F-layer refractions sometimes remained at fre 
quencies above f, as shown in figure 8. Later in the evening the E 
reflections became stronger and still later they weakened as in Figure 
8 (f) and later disappeared. There usually was little question but 
that the second reflection was from the F layer rather than an B 
multiple. The second reflection was frequently stronger than the 
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first E, thus indicating that it was not a multiple of the first. The 
most prominent higher multiples were properly spaced to be multiples 
of the second reflection rather than the first. Also the F criticals 
sometimes appeared even while the E reflections were still present, 
figure 8 (e, f), but no critical was found for the lower reflections. 
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Figure 8.— Typical fall curve showing simultaneous appearance of F refractions 
and sporadic E-layer reflections after the normal E-layer critical had passed. 


More frequently as f, decreased during the early evening the E 
reflections became very weak or disappeared as shown in figure 
8(a, b,c). Later in the evening these E reflections became strong, 
figure 8 (c, d) while strong F layer refractions with multiples con- 
tinued to come in, figure 8 (d,e). Usually except during the summer 
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the sporadic E disappeared from this frequency band later in the 
evening by a gradually weakening process and without showing 4 
pronounced rise in virtual height such as indicates a critical frequency 


as shown in figure 8 (f). 
Somewhat similar results have been observed in the broadcast band 


during the early morning hours following 0200 EST. E and F 
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FicurE 9.—Typical winter curve showing simultaneous appearance of F refractions 
and sporadic E-layer reflections after the normal E-layer critical had passed. 


layers are frequently received simultaneously, no E critical frequencies 
were found and the disappearance of the E-layer reflections was 
marked by a gradual ose a rather than a critical and a sharp 
cut off. It is believed|that during much of the time at night E reflec 
tions at broadcast frequencies are manifestations of the sporadic 





Kony Recent Studies of the Ionosphere 483 


and the E critical f, if it exists is frequently at a frequency lower than 
600 ke/s. Figure 10 shows a typical night run of this kind. 


V. G AND HIGHER LAYERS 


The F, layer is not very evident during the summer midday. One 
or two hours before sunset refractions from this layer attain moderate 
intensity and the critical ya pine i can be followed during the sum- 
mer. At about the time of sunset or a little later, reflections of 
medium intensity suddenly appeared from a virtual height as great 
or greater than the F,-layer virtual height and at frequencies higher 
than F, at any other time. During the earlier observations it was 
believed that the F.-layer ionization increased rapidly to high values 
at these times. However, recent observations indicate that. this 
phenomenon is produced by another higher layer, which is either 
found about this time or more likely uncovered by lower absorbing 
layers at the approach of sunset. We have tentatively called this the 
Glayer. Figure 11 shows six sweeps taken in the succession indicated 
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Figure 10. Typical curve of sweep through the broadcast range of frequencies 
during the night. 


by the lettering, on the evening of August 1, 1934; a and b show the 
F, critical frequency decreasing with advancing time; b shows the 
formation of the G Msi c,d,e, and f show only the G layer remain- 
ing. The G-layer reflections were of medium amplitude. The 
virtual height increased with frequency in a peculiar manner. No 
critical frequencies and no magnetic double refraction were observed. 
The reflections at higher frequencies gradually became weaker and 
were finally lost in the noise. The effect shown in figure 11 occurs 
on summer evenings. 

An additional effect which has been found at other seasons during 
both day and night ® is shown in figure 12 for November 10, 1933. 
Complex reflections are returned from great virtual heights at fre- 
quencies above the F, critical frequencies. The virtual height 
versus frequency graphs have the characteristic slope found for the 
G layer during the summer evening and these reflections were prob- 
ably from the same layer. The reflections shown in figure 12 were 


aut Berkner, and Stuart, BS J.Research 12, 15 (1934) RP632; also Proc.Inst.Radio Engrs. 22, 481 
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Figure 11. Formation of the G layer during a summer evening. 
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Figure 12. G-layer reflections for a winter day. 





usually weaker than those of figure 11 and were complex, so that even 
if they were present during the summer they would be more likely to 
be lost in the higher noise background. 


VI. CONCLUSIONS 


The variation of the normal E-layer critical frequency during the 
daytime was found to be approximately in accordance with the equa- 
tion 


Sn = (cos py) 


Magneto-ionic splitting was not observed in this layer. These 
results indicated a rapid recombination and a layer of heavy ions. 

The diurnal variation of F,-layer critical frequency did not follow 
the above equation but in general lagged behind the variations of the 
ionizing force of the sun. Magnetic double refraction usually 
occurred. These results indicated a slower rate of recombination 
and a layer effectively of electrons. 

The local noon maximum F, critical frequencies occurred in Novem- 
ber and March. F, critical frequencies frequently could not be 
obtained near noon during the summer. 

The data indicate the sporadic E layer returns the wave to earth 
by reflection at a sharp boundary rather than by refraction. This 
layer is frequently semitransparent and shows no critical frequencies, 
Most of the nighttime E layer observed is of this nature. It is 
common at much higher frequencies during the summer than during 
the winter. 

G layer reflections were observed at frequencies above the F, 
critical frequencies, especially during the summer evenings but also 
during the fall evenings. 


WasHInGcTOoN, November 26, 1934. 
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INFRARED SPECTRA OF NOBLE GASES (10500 TO 13000 A) 
By William F. Meggers 


ABSTRACT 


The first spectra of helium, neon, argon, krypton, and xenon, excited by uncon- 
densed discharges in Geissler tubes, have been explored in the infrared (10500 to 
13000 A) with Eastman I~-Z photographic plates. In each spectrum new lines 
have been recorded, most of which are accounted for as combinations of established 
terms, thus confirming the structural analyses of the spectra. Two missing 2s 
terms are revealed for xenon and possibly one new f-type term each for neon and 
for argon. Among the stronger lines those which involve accurately determined 
relative terms may serve as preliminary standards of wave length in the infrared. 
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I. INTRODUCTION 


On account of the ‘‘closed-shell”’ electron configurations in atoms 
of the noble gases, these elements are chemically inert, the atoms 
have exceptional stability, and their characteristic spectra extend over 
a very large range of wave lengths. For example, lines associated 
with neutral atoms of helium have been recorded photographically 
in the extreme ultraviolet down to 515 A, and radiometrically in the 
infrared to 20582 A. Neutral neon gives lines in the extreme ultra- 
violet (587 to 744 A), but the majority of its lines are distributed 
throughout the near ultraviolet, visible, and infrared. 

_ The first spectra of the noble gases have been investigated inten- 
sively both for theoretical reasons connected with spectral and atomic 
structure, and for practical purposes, such as the use of monochro- 
matic radiations as wave-length standards in spectroscopy and as 
standards of length in metrology. Most of this work has been done 
photographically since this is the best method for studying the details 
of a spectrum, but it was greatly handicapped by the limited range 
of infrared sensitiveness of photographic materials. .‘ great advance 
was made several years ago when the discovery of new photosensi- 
tizing dyes ' displaced this practical limit from about 9000 to approxi- 


©. E, K. Mees, J.Opt.Soc.Am. 22, 204 (1932); 28, 229 (1933). 487 
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mately 11000 A. Now the recent success of the research laboratory 
of the Eastman Kodak Co., in the preparation of still better infrared 
sensitizers,” makes it practicable to photograph the spectra of ordj. 
nary laboratory sources to 13000 A. 

The results obtained by employing Eastman I-—Z plates for the 
photography of the first spectra of the noble gases are presented ip 
this paper. Most of the new data represent combinations of spectra] 


terms already established. They thus confirm the structural analy. : 


ses, and lines involving accurately known relative terms may serye 
as temporary standards in the infrared. 


II. WAVE-LENGTH MEASUREMENTS 


Geissler tubes of the type supplied by Robert Goetze in Leipzig 
were used as light sources. They have been described in other pub. 
lications,® and it is hardly necessary to repeat that by using them 
end-on an enormous intensity increase is obtained. The tubes were 
operated in the 40,000-volt secondary circuit of a transformer, the 
primary of which was connected to a 110-volt source and supplied 
with 4 to 5 amperes alternating current. Light from the end-on 
capillary was projected on the slit of a stigmatically mounted concaye 
grating * having a radius of curvature of 21% feet, 7,500 lines per 
inch, and a scale of 10.2 A per millimeter in the first-order infrared 
spectrum. 

The infrared radiation was filtered into the spectrograph with a 
sheet of Jena RG 5 glass, 2 millimeters thick, after the first exposure 
showed that the selenium red glass used heretofore was not safe beyond 
12200 A. No second-order spectra or Lyman ghosts were found on 
any of the following spectrograms, but Rowland ghosts accompanied 
some of the strongest infrared lines. An indication of the infrared 
sensitivity of I-Z plates is given by the fact that the helium line at 
10830 A was flanked by Rowland ghosts to the 12th order, although 
the grating employed shows no trace of such ghosts with moderately 
overexposed lines. 

Exposures to the Geissler tubes ranged from 20 to 24 hours. Wave 
lengths of lines thus recorded in the first-order spectrum were derived 
from measurements relative to iron-arc standards photographed in 
the third-order spectrum. An exposure of one second sufficed to 
impress the iron spectrum. The first-order spectrum lines were 
measured and calculated as if they belonged to the third order, and 
then these values were multiplied by 3 to convert them to their true 
values. The corrections for standard density of air were neglected 
since they were always less than 0.01 A, while the average probable 
error of the infrared wave-length measurement is several times larger. 


III. RESULTS 


Preliminary exposures of Eastman I-Z plates to metallic-are 
spectra in which a continuous background from white-hot electrodes 
and oxides was visible, immediately gave the impression that the 
sensitizing resembled that of I-Q (xenocyanine) plates, except that 
the maximum was displaced toward longer waves. In both cases the 

2 C. E. K. Mees, J.Opt.Soc.Am. 25, 80 (1935). 


3 W. F. Meggers and C. J. Humphreys, BS J.Research 10, 428 (1933) RP540. 
4‘ W. F. Meggers and Keivin Burns, BS Sci. Pap. 18, 191 (1922) $441. 
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7 sensitizing band is very broad, in Q the maximum action is at 9700 A, 
| — while in Z it is near 10900 A. The Z plates were found inferior to Q 
‘ for wave lengths below 10300 A, but they run well ahead at 10500 A, 
and appear to be more sensitive at 13000 A than the latter are at 
12000 A. Since no new lines short of 10500 A were detected with 
[-Z plates, the results are given only for lines of greater wave length. 
The data are presented in the following tables, in which successive 
columns contain estimates of relative intensity, measured wave 
.— lengths, wave numbers in vacuum, term combinations, and numerica! 
| differences of the terms. The intensity estimates are not corrected 
for variations in the photographic spectral sensitivity and as usual 
are comparable only over more or less limited regions. 
In each table, the vacuum wave number (column 3) is derived from 
the observed wave length (column 2) by converting the wave length 
in air to vacuum value by means of the atmospheric-dispersion formula 
of Meggers and Peters,’ and then calculating its reciprocal. 
The modern quantum notation for spectral terms is used for : 
helium, while for the remaining noble gases the notation is that first : 
employed by Paschen ° for the representation of neon terms. 


1. HELIUM 


Previous knowledge of the first spectrum of helium has been sum- 
marized in treatises on spectral series,’ and in a paper on the infrared 
spectra photographed with xenocyanine.’ Observations for the longer 
waves are displayed in table 1. For the sake of completeness, some 
lines probably due to He, molecules are included, but no attempt has 
been made to classify them. Values for the 2 *S—2 *P group at 10830 
A are quoted from another paper;® they represent interferometer 
comparisons with neon standards. 

‘W. F. Meggers and C. G. Peters, BS Sci. Pap. 14, 722 (1918) S327. 

‘F, Paschen, Ann. Physik 60, 405 (1919). 

7A. Fowler, Series in Line Spectra, page 91 (Fleetway Press, London, 1922). F. Paschen and R. Goetze, 
Seriengesetze der Linienspektren, page 26 (Julius Springer, Berlin, 1922). W. Grotrian, Handbuch der 
Astrophysik, 3, 555 (Julius Springer, Berlin, 1930). R. Bacher and S. Goudsmit, Atomic Energy States, 
page 220 (McGraw-Hill, New York, 1932). 


#W. F. Meggers and G. H. Dieke, BS J. Research 9, 121 (1932) RP462. 
9W. F, Meggers and C. J. Humphreys, BS J. Research 13, 293 (1934) RP710 
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TABLE 1.—JIJnfrared spectra of helium 

















| 
ae | Pyae cm! | Term combi- Pvac CM~! =| 
| Intensity Mair A. | observed nation calculated | 
‘Se Pe en Gee ninsitillaeiiill 
} | | 
| 1?) 127909 | 7815.9 | 3!ID-5IF° | 7815.1 | 
2 | 12784.65 | 7819.74 33D-5F° | 7819. 89 
3 | 12527.40 | 7980.32 | 38S~-43P° | 7980. 28 | 
| 20 | 11969.07 | 8352.59 | 3°P°-5'D | 8352. 59 | 
| 6 11225. 83 8905.59 | 3'P°-6'S | 8905. 39 
| 2 | 11065.69 | 9034.47 | | 
40 11044.95 | 9051.44 | 3'P°-6'D | 9051. 23 | 
2 11017. 14 9074.29 | 
30 11012.97 | 9077.72 | 3!S-5'P° 9077. 78 
5 10996.55 | 9091.2 | 33D-63P° | 9091. 44 
50 10916.98 | 9157.53 | 3'D-6'F° 9157. 53 
100 10912. 92 9160.94 | 33D-6F° 9160. 94 
1 10902. 1 9170.04 | 3'D-6'P° | 9170. 04 
2500 | 10830. 341 9230. 793 | 2°S,-2°P3 | 9230. 79 
1500 10830. 250 | 9230. 871 | 23S,-2°P: | 9230. 87 | 
500 | 10829. 081 9231. 867 | 28S,-2°P% | 9231. 86 
2 | 1075336 | 9296.88 | 
3 | 10675.68 | 9364.52 | | 
30 | 10667. 60 9371.61 | 3°P°-63S | 9371. 66 | 
1- | 10653. 7 | 9383.8 | 
1 10651. 48 9385.79 | 
2 10644.62 | 9391.85 | 
3 10633.50 | 9401. 67 
3 10618.24 | 9415.18 
3 10599.17 | 9432.12 
| | 
3 | 10576. 38 9452. 45 
2 10550.06 | 9476. 02 
1 10504.48 | 9517.14 
2 10470.28 | 9548. 22 
2 10433.19 | 9582.17 | 
2 10393.30 | 9618.95 | 
2 10350. 90 9658.35 | 


2. NEON 


To Paschen’s * description and analysis of the neon spectrum a 
considerable extension was made when mesocyanine and xenocyanine 
plates were employed " in 1932. Additional lines have been found 
with I-Z plates (table 2), but these represent for the most part, 
combinations of established terms. Possibly one new term (3068.9) 
of 6f type is revealed, but a few lines of very low intensity remain 
unclassified in this and in the preceding lists of neon lines. 


10 F. Paschen, Ann. Physik 60, 405 (1919). 
il W. F. Meggers and C. J. Humphreys, BS J. Research 10, 430 (1933) RP540. 
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TABLE 2.—Infrared spectrum of neon 
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ay Vyao cm~! Term combi- Veac cm~! 
ee observed nation calculated 

12689. 2 7878. 56 2p3-2s4 7878. 54 
12459. 8023. 81 2p5-2s4 8023. 87 
12066. 8285. 22 2pe-2s; 8285. 28 
11984. 8341. 49 2p2.-283 8341. 53 
11789. 8479. 50 2p7-2s; 8479. 54 
11789. 8480. 09 2pe-2s4 8480. 12 
11766. 8496. 12 2p2—2s2 8496. 13 
11688. 8553. 39 2p:-3d; 8553. 485 
11614. 8607. 82 2p5—283 8607. 87 
11601. 8617. 13 2p3-282 8617. 14 
11536. 8665. 84 2p1-3d, 8665. 865 
11525. 8674. 34 27-284 8674. 38 
11522. 8676. 06 2p.-282 8676. 07 
11477. 8710. 44 
11409. 8762. 43 2p5-282 8762. 47 
11390. 8776. 83 2ps—2s; 8776. 92 
11366. 8795. 14 2s,—4ps 8795: 32 
11333. 8820. 91 2s2-4p5 8820. 97 
11329. 8824. 05 2382-4 p2 8824. 12 
11304. 8843. 64 2s8y-4-p7 8843. 66 
11303. 8844. 04 282-44 8844, 22 
11298. 8848. 35 2s;-4p10 8848. 38 
11293. 8852. 62 28.45 8852. 76 
11261. 8877. 31 
11177. 5 8944, 02 2py-285 8944. 10 
11160. 8957. 89 285-4 po 8958. 02 
11143. 8971.72 | 2ps-2s, 8971. 76 
11138. £ 8975. 37 2s3-4p5 8975. 57 
11134. 8978. 55 28;—4p2 8978. 72 
11120. 8990. 05 28.45 8990. 16 
11060. 9038. 40 285-4 p7 9038. 50 

| 11049. 9047.46 | 28;-4p. 9047. 60 

11044. 9052. 17 28.-4p1 9052. 43 

11020. 9071. 17 2s8,-4p3 9071. 32 

10959. 9121. 9 

| 10937. 9140. 2 | 

| 10921. 9154. 03 | 

| 10891. 9179. 19 | 

10888. £ 9181. 46 3d,'—6Z 9181. 6 
10886. 9183. 30 3d,''-6Z 9183. 4 
10844. 9218. 71 2pe—282 9218. 72 
10838. 9224. 01 3d.-3068. 9 9224. 0 
10819. 9239. 66 3s,/’-6U 9239. 92 
10814. 9244. 03 3d.-6Y 9244. 2 
10808. 9249. 68 38;'/’-6U 9249. 68 
10806. 9251. 22 38;''"’-6U 9251. 24 
10798. 9258. 34 2p7-2s83 9258. 38 
10789. 9268. 38 3d.—3068. 9 9268. 4 
10780. 9273. 41 3d;-7Y 9273. 6 
10766. 9285. 83 3d,’-6W 9285. 93 









































492 Journal of Research of the National Bureau of Standards 





























TABLE 2.—Infrared spectrum of neon—Continued 


























aH Vyao Cm! Term combi- Vvac Cm~! 
Intensity Nair A. observed nation calculated | 
12 10764. 09 9287. 60 3d,'’-6W 9287. 70 | 
1 10760. 34 9290. 85 3d.-6Z 9290.9 | 
2 10758. 28 9292. 63 3d,'—-6Z 9292. 7 
1 10728. 8 9318. 15 
6 10690. 48 9351. 55 3d;-6X 9351. 64 
2 10673. 80 9366. 18 3d,-6.X | 9366. 28 
l 10664. 4 9374. 4 
40 10620. 70 9413. 00 2p7-2s82 | 9412.98 | 
200 | 10562. 43 9464. 93 271-38,’ | 9464. 941 | 
3. ARGON 


Former knowledge of the first spectrum of argon is contained in 
papers published by Meissner ” and in the infrared data presented ® 
in 1933. A considerable extension of the latter is now given in 
table 3. -Most of the new lines are accounted for as combinations of 
the known terms, and with the possible exception of 4W=5458.10, no 
new terms have been revealed. However, a few lines still await 




















classification. 
TABLE 3.—IJnfrared spectrum of argon 
oid Vyac Cm7! Term com- Vyac CM~! 
Intensity Nair A. observed bination calculated 
2 13008. 15 7685. 39 2p3s—282 7685. 35 
3 12956. 64 7715. 94 2py—-3ds 7716. 02 | 
1 12933. 10 7729. 99 2ps—283 7729. 85 
4 12802. 68 7808. 73 2ps-3d,"’ 7808. 71 
2 12746. 13 7843. 38 2p—282 7843. 34 
3 12733. 39 7851. 22 2pg—2s5 7851. 08 
7 12702. 26 7870. 46 
1 12621. 57 7920. 78 2ps—282 7920. 76 
1 12553. 98 | 7963. 43 2p5-3d,"’ 7963. 28 
15 12487. 67 | 8005. 71 2py—-285 8005. 65 
15 12456. 13 | 8025. 98 2ps—285 8025. 82 
20 12439. 34 | 8036. 81 2pi0—3d; 8037. 00 
2 12419. 36 8049. 74 3d;-4X 8049. 51 
20 12402. 83 8060. 47 2p7-3d> 8060. 36 
4 12356. 24 8090. 86 3d;-4Y 8090. 87 
7 12343. 37 | 8099. 30 2ps—3d,’ | 8099. 49 
3 12151. 30 8227. 32 3d,/’-4W | 8227. 32 
20 12139. 73 | 8235. 16 
25 12112. 31 | 8253. 81 2py-3d,’ | 8254. 06 
| 5 12026.63 | 8312.61 | 2p;-3s,’ 8312. 67 








12K. W. Meissner, Z. Physik 37, 238 (1926); 39, 172 (1926); 40, 839 (1927). 
18 W. F. Meggers and C. J. Humphreys, BS J.Research 10, 437 (1933) RP540. 
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TABLE 3.—Infrared spectrum of argon—Continued 


Intensity 


25 


no 
© bo ow 


Nor w tho bo 
mb ore bo orr OO Nee be 


— 


118587—35——-9 

















Die ae Vvac CM! 
ge BRS. observed 
11943. 50 8370. 46 
11896. 60 8403. 47 
11884. 47 8412. 04 
11879. 97 8415. 23 
11733. 26 8520. 45 
11719. 51 8530. 44 
11708. 22 8538. 67 
11687. 61 8553. 73 
11678. 47 8560. 43 
11668. 72 8567. 58 
11580. 39 8632. 92 
11488. 12 8702. 27 
11467. 57 8717. 86 
11441. 83 8737. 47 
11398. 63 8770. 58 
11393. 66 8774. 42 
11248. 33 8887. 77 
11209. 67 8918. 43 
11195. 37 8929. 82 
11145. 40 8969. 86 
11133. 86 8978. 15 
11118. 75 8991. 36 
11106. 44 9001. 32 
11078. 87 9023. 72 
11075. 54 9026. 44 
11055. 40 9042. 88 
11043. 13 9052. 93 
11028. 60 9064. 86 
10977. 30 9107. 22 
10964. 00 9118. 26 
10950. 74 9129. 30 
10947. 90 9131. 67 
10911. 22 9162. 38 
10895. 9 9175. 3 
10892. 37 £178. 23 
10885. 9 9183. 68 
10880. 96 9187. 88 
10861. 04 9204. 70 
10845. 43 9217. 95 
10837. 39 9224. 79 
10831. 88 9229. 49 
10824. 00 9236. 20 
10822. 74 9237. 28 
10820. 18 9239. 46 
10812. 16 9246. 31 











Term com- Prac Cm! 

bination calculated 
3d;-4X 8370. 49 
2p6—-38,''"" 8403. 58 
3d;-4Y 8411. 85 
3d,-4X 8520. 59 
2ps—3d, 8530. 29 
3d,-5X 8538. 74 
2p7-38,/'"" 8553. 87 
3d.-5Y 8560. 58 
2p6—38;"" 8567. 56 
3d,-4W 8632. 91 
1s.—-2 p10 8702. 20 
2p7-3s,"" 8717. 98 
2po—2s2 8737. 50 
38,/-5Z 8770. 38 
2pr- 283 8774. 30 
2p7—-2s82 8887. 70 
3d,'—4p3 8918. 46 
3d3—4p io 8929. 92 
3d,'-5V 8979. 13 
3d;/-5Y 8991. 55 
5d;/-5U 9001. 19 
2ps—38;//"" 9023. 67 
3d3;—4px 9052. $4 
2s.-5Y 9065. 06 
3d2—-5p7 9107. 41 
3d3-4p7 9118. 23 
276-38’ 9129. 31 
3d;—4p¢6 9131. 96 
3d,’’—4p,4 9175. 49 
2py-3s8;/'"" 9178. 24 
3d,/'—Ap2 9183. 68 
2ps—3s,"’ 9187. 78 
2ps—38,'"’ 9204. 69 
2s;-5X 9217. 96 
38;'//’-6V 9224. 77 
38,'/’-6Y 9229. 59 
3s,/’-6X 9236. 04 
3s,/'’--6U 9236. 42 
3d.—-5ps 9237. 54 
28;-5 Y 9239. 80 
38,/’-6Y 9246. 50 
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TABLE 3.—Infrared spectrum of essen 





observed bination calculated 


| 
| 
| Intensity | 
| 


Vyac CDi! % Term com- Vyae CM~! 
| 


9250. 69 3d; Apr0 9250. 90 
9260. 24 3d,/'-5X 9260. 40 
9267. 5 

. of 9279. 62 | 2p7 33,’ 9279. 
10770. 3: 9282. 21 | 3d," oY 9282. 


10759. 9291.88 | sa j 9291. 
10733. 9313. 75 wr SW 9313. 
10732. 9315. 29 Be 5Z 9315. 
10722. 9323. 87 | 2p.0-3d;"’ 9324. 
10712. 9332.10 | 33,'-5Z 9332. 





10700. 9342. 38 | 2p,-3s,’’ 9342. 
10683. « 9357.76 | 2p.-2s2 9357. 
10681. 7! 9359.18 | 2p,-3s,'”’ 9359. 
10673.55 | 9366.43 | 2pw-2s; 9366. 
10644. ¢ 9391. 6 





10634. 25 | 9401. 35-4 p10 9401. 
10623. 38 | 9410.62 | 3s,/’"-6Y | 9410.6 
10615. 9417.43 | 3s,'’’-6U 9417. 
10591. 23 | 9439. 3d5-4p7 9439. 
10581. 63 | 9447. 


10559. 6 9467. | 

10529. ¢ 9494. 33s;/""-5W | 9494. 
10527. 9496. 48 33;//"'-5Z | 9496. 24 
10506. 9515. 34 3d;—-4Z 9515. 46 


10470. 051 | 9548. 43 1s3—-2 p40 9548. 36 














4. KRYPTON 


Complete information concerning the first spectrum of krypton ™ 
was summarized in 1933, when an extension to the infrared data was 
published.’* Some additional lines (table 4) have been found on 
spectrograms made with I-Z plates, but most of them represent 
combinations of terms already known. In a few cases, the differences 
between observed and calculated wave numbers suggest a slight 
revision of term values. The term 2 8, (=13287.96), previously 
proposed on the basis of a single transition of the type (p—s), 3 
now confirmed by double-electron (s—f) transitions, but two of the 
lines beyond 12000 still remain unclassified. 


14 W. F. Meggers, T. L. DeBruin, and C. J. Humphreys, BS J. Research 7, 643 (1931) RP364. 
iW. F. Meggers and C. J. Humphreys, BS J. Research 10, 443 (1933) RP540. 
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TaBLE 4.—Infrared spectrum of krypton 








ee Vyaocm! Term combi- VygocmM™! 
air ° 


Intensity observed nation calculated 
































10 12204. 8191. 43 
3 12123. 56 8246. 15 18.—2p5 8246. 153 
4 12117. 81 8250. 06 
4 12077. 22 8277. 79 3d;-4Z 8277. 62 
10 11997. 15 8333. 03 3d;-4Y 8333. 64 






11819. 43 8458. 33 2p10-285 8458. 43 


10 11792. 47 8477. 67 2pio-3d2 8477. 10 
1 11655. 8 8577. 1 28,-5Z 8577. 00 
1 11611. 6 8609. 7 23,5-5Y 8609. 56 

80 11457. 52 $725. 51 2p 10-284 8725. 60 


1 11333. 44 8821.03 | 2p,-5ds 8821. 09 
4 11328. 51 8824.87 | 3d:-5Z 8825. 43 
1 11316. 1 8834. 6 3d,-5X 8835. 06 
1 11303. 8 8844. 2 285-52 8844. 17 
2 11262. 71 8876.43 | 2s,-5Y 8876. 73 
50 11259. 16 8879.23 | 3ds-4X 8879. 48 
80 11257. 74 8880.35 | Bdr-42 8880, 28 
= 4 R92 3 4-4 891 4. 4 
5 11214. 58 8914. 52 (3404 or 2 
40 11187. 13 8936.40 | 3d;-4Y 8936. 30 
100 10874. 92 9192.95 | 3d,-4X 9193. 02 











10801. 9255. 


2 10729. 43 9317. 61 3d;—4p10 9317. 63 
20 10699. 33 9343. 82 3d’ —-4py 9343. 62 
1 10647. 63 9391. 76 3d’:-5Z 9391. 76 


10626. 9407. 5U 


10608. 9423. ‘ 
100 10593. 01 9437. 60 3d’,;-5 W 9437. 71 












. . 3ds—4ps 9453. 07 
2 10575. 50 | 9453.23 [30% 40 9453, 35 
1 10549. 64 | 9476. 40 

m 2 10486.29 | 9533.65 | 3ds-4p; 9533. 60 
























10458. 56 9558. 93 3d3—4p6 9558. 97 








5. XENON 












ly The most complete description and analysis of the first spectrum 
is of xenon is that published by Humphreys and Meggers * in 1933. 


With xenocyanine (I-Q) plates, it was impossible to record lines be- 
yond 11141 A, but with I-Z plates, 21 lines of greater wave length 
have been measured (table 5). Here also the majority of new lines 
is accounted for by known terms, but two new terms of 2s type are 
suggested. If the last observed line 12623.40 A is assumed to repre- 
sent the transition 2p,9-2s;, the faint line at 11175.5 A is explained 
as the combination 2s,-5ps, and the term 2s, acquires a value of 
12645.09. The line at 12235.24 A is similarly assumed to represent 
2P-28,, giving the term 2s, a value of 12393.87, but unfortunately 
no lines remain with which to check it. 


“0. J. Humphreys and W. F. Meggers, BS J.Research 10, 139 (1933) RP521. 








TaBLE 5.—Infrared spectrum of xenon 
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| Intensity 


\ 
\ 





Nair A. 


VPvac CMm7! 
observed 


Term combi- 


nation 


Pvac Cm! 
calculated 
















11793. 


15 11415. 
5 11309. 
10 11289. 
5 11214. 
1 11175. 








10 11162. 

50 11141. 

8 11130. 

100 11127. 

250 11085. 

200 10895. 
' 1000 10838. 
100 10758. 
150 10706. 

20 10549. 





| 

| 5 12623. 

| 12257. 

| 5 12235. 

| 3 12084. 
3 11953. 


1 11951. 
2 11912. 
l 11874. 
2 11857. 
6 11857. 


50 11742. 
25 11614. 

1 11537. 
15 11491. 
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7919. 
8155. 
8170. 
8272. 
8363. 


8365. 
8392. 
8419. 
8430. 
8431. 


8476. 
8513. 
8607. 
8665. 
8699. 


8757. 
8839. 
8855. 
8914. 
8945. 


8955. 
8973. 
8881. 
8984. 


9018. 5 


9175. 
9223. 
9292. 
9337. 
9476. 











2p10-285 


3d5-3 p10 


20-284 
3d4/—3ps 
3d3—3 ps5 


3ds-3p, 
3d;—2p,4 
3d,’-4Y 
2p;—4d; 
3d,'—4Z 


3d,'—-4U 
3d,'-4W 
3d5—2p, 
3d.—4ps 
3d;-3p¢6 


3d;-3p7 
3d;-2p3 
3d;—3p5 
3d,/’-4X 
285-5 


3d3-2p2 
3d5-3p7 
3d,'’-4U 
3d,/’—-4V 
3d;/"-4W 


3d;—2p3 
1sy—-2p19 
3d5-2pe2 
2p5—4d; 
3d.-5Y 































7919. 
8155. 
8170. 
8272. 
8363. 


8365. 
8392. 
8419. 
8430. 
8431. 


8476. 
8513. 
8607. 
8665. 
8699. 


8757. 
8839. 
8855. 
8914. 
8945. 


8955. 
8973. 
8981. 
8984. 
9018. 


9175. 
9223. 
9292. 
9337. 
9476. 
































































spectrograms. 


listed in table 6. 


tube spectra. 


6. IMPURITIES 


These impurity lines are 
They are possibly of interest as additional or 
accidental standards in further infrared investigations of Geissler- 
In this table, the classification and calculated wave 
numbers are quoted from Atomic Energy States.” If the sodium 
and potassium lines observed here in low-pressure sources are com- 
pared with values reported for arcs at atmospheric pressure * they 
will be seen to be 0.41 A smaller, or 0.31 greater in wave number 
This difference may be regarded as a reasonable measure of the dis- 
placement due to one atmosphere of pressure. 


17 R. Bacher and 8. Goudsmit, (McGraw-Hill, New York, 1932). 
18 W. F. Meggers, BS J.Research 10, 669 (1933) RP558. 


A small number of impurity lines were found on some of the 
Mercury and oxygen are fairly common contami- 
nants of gases in Geissler tubes, and it happens occasionally that 
the glass becomes overheated to such a degree that sodium and 
potassium lines appear in the discharge. 
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TaBLE 6.—Infrared spectra of impurities 





| e 
| Intensity 
| and atom 


60e Hg 





Nair A. 


11772. 
11689. 
114083. 
11381. 


11302. 


11297. £ 


11294. 


11286. 6: 


Vvac Cm—! 
observed 


Term combi- 
nation 


Yvac Cin! 
calculated 








8491. 
8552. 
8766. 
8784. 


8845. 
8849. 
8851. 
8857. 








42P,°.-3?Do 
42P2-3?D 1, 
3?P, 2-428, 
3°P2—4°8,, 


5P,—583 
5P,—583 
5P,—583 
38, Ps 





WASHINGTON, 


January 21, 1935. 





8495. 54 
8550. 51 
8766. 15 
8783. 33 


8847. 3 
8850. 7 
8853. 4 
8857. 3 
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EFFECT OF CALCIUM CHLORIDE ON PORTLAND 
CEMENTS AND CONCRETES 


By Paul Rapp? 


ABSTRACT 


To study the effect of the addition of calcium chloride on portland cements 
of widely varying composition, and on portland-cement concretes, a carefully 
controlled laboratory investigation was conducted. Such measurements as heats 
of hydration, setting times, consistencies and the strengths at various ages under 
several curing temperatures were made. 

The addition of calcium chloride appears to increase somewhat the heat con- 
tributed at the end of 24 hours by dicalcium silicate and tetracalcium alumino- 
ferrite and to decrease the heat contributed by tricalcium aluminate. Calcium 
chloride has but little effect on the heat contributed by tricalcium silicate. Cal- 
cium chloride increases the rate at which the heat is evolved from all cements. 
The strength contributed by the two silicate compounds in cement was increased 
and the strength contributed by tricalcium aluminate was decreased by the addi- 
tion of calcium chloride. Calcium chloride decreased the time of set of 11 com- 
mercial cements and increased the flow and the strength of the resulting concrete. 
The physical properties of the experimental cements were similarly affected by 
the addition of calcium chloride. The optimum amounts to be added for different 
types of cement and at various curing temperatures are indicated. 


CONTENTS 


I. Introduction 
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I. INTRODUCTION 


The Calcium Chloride Association, through its research fellowship 
at the National Bureau of Standards, has been investigating the 
effect of calcium chloride on portland cement and portland-cement 


' Research associate at the National Bureau of Standards for the Calcium Chloride Association. 
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concrete. The investigation included a study of the influence of 
calcium chloride on the heat evolved up to 24 hours, and on the 
strength developed, by the major compounds present in portland 
cement. The comparative properties of mortars and concretes with 
different percentages of calcium chloride and at curing temperatures 
of 40, 70, and 90° F were also studied. 

A progress report on these studies was presented at the thirteenth 
annual meeting of the Highway Research Board (1),? and a final report 
is given in this paper. A physico-chemical study of the reaction of 
calcium chloride with the alumina compounds of portland cement is 
beiag made, and will be reported separately. 


II. DESCRIPTION OF CEMENTS AND CALCIUM CHLORIDE 


Eight commercial portland cements (referred to in this paper as 
standard cements) together with one high-early-strength and two 
white portland cements were studied. In selecting these cements an 
effort was made to obtain the greatest practical variation in composi- 
tion and physical properties. 

Sixty experimental cements of varying composition and four com- 
mercial portland cements were furnished by the Portland Cement 
Association Fellowship at the National Bureau of Standards for 
certain heat and strength studies.* In the text of this report the 
cement compounds are abbreviated as follows: 





. . : oa 
Compound Chemical formula | Abbreviation 





Trtaniehen Miia fs 22 sea a Shes | 3CaO.Si02.-..-.--- 
ON ERE ee ee ee Eee) ll. SEA 
Tricalcium aluminate --. sr aindesit ib aca var bodies piesa cracimiebiet BS EO Sa 
Tetracalcium alumino-ferrite Tae. FR”: Pert 


Each of the cements furnished by the Portland Cement Association 
was ground to such a fineness that 12.5 percent was retained on the 
no. 200 sieve. 

The calcium chloride used was a commercial product complying 
with the American Society for Testing Materials’ Standard Spec- 
fication D98-34. The amounts added to the cement are reported as 
percentages of anhydrous calcium chloride by weight of cement. 


III. EFFECT OF CALCIUM CHLORIDE ON THE HEAT 
EVOLVED DURING THE FIRST 24 HOURS OF HYDRA: 
TION 


1. HEAT OF HYDRATION OF EXPERIMENTAL CEMENTS 


The samples of experimental cements had a wide range in com- 
position, which made them of especial value in the present study. 
The analytical data and heats of hydration in the absence of calcium 
chloride were kindly furnished by the Portland Cement Association 
Fellowship. The quantity of each cement available was so limited 
that only one additional calorimetric determination (using one percent 
of anhydrous calcium chloride) could be made. 

4 Figures in parentheses here and elsewhere in the text refer to the references at the end of this paper. 


3 Table of the analyses of these cements as well as details of all the data will be published in the proceed: 
ings of the fourteenth annual meeting of the Highway Research Board. 
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The apparatus used for measuring directly the heat of hydration 
was that developed at the National Bureau of Standards (2). 

The cement (200 grams) and water (67.5 grams) were thoroughly 
mixed in a small tinned can by a high-speed stirring device. Copper- 
constantan thermocouples were inserted into the mixture and the 
can was placed in a double-walled vacuum flask, which was in turn 
tightly closed and placed in an air thermostat maintained at 21° C. 
The temperatures were recorded by a multiple-junction recording 
potentiometer. 

From the data obtained in this manner it was possible to calculate 
the heat evolved by the cement at any given period (3) in the 24 hour 
interval, having made the necessary correction for the radiation loss 
of the vacuum flask and its contents. 


TaBLE 1.—Contribution of individual compounds to heat of hardening at 24 hours 


(Expressed as calories for each percent in 1 gram of cement) 
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«1% anhydrous CaCl;=1.3% commercial CaCl. 


The contributions of the individual compounds to the heat of 
hardening were calculated, for the 60 experimental cements, by the 
method of least squares from the percentages of the compounds in 
the cements computed by the method of Bogue (4), assuming that a 
linear relationship exists between the compound composition of the 
cement and the heat evolved. The values obtained from these cements 
(table 1) show the same trends as those reported by Blank (5) and by 
Wood and coworkers (6), namely, that tricalcium aluminate evolves 
the greatest heat (expressed in calories for each percent present in 
each gram of cement), tricalcium silicate being next in order. The 
addition of calcium chloride increased somewhat the heat contributed 
by dicalcuim silicate and tetracalcrum alumino-ferrite, had little or no 
effect on the heat contribution of tricalcium silicate, and decreased the 
heat contributed by tricalcium aluminate. The factors for the major 
cement compounds may be used to obtain a fairly accurate estimate 
of the increase in the rate of evolution of heat and the total heat 
ona up to 24 hours for a particular cement when calcium chloride 
is added. 

In order to illustrate the effect of change in compound composition 
upon the heat developed when calcium chloride is present table 2 was 
prepared. Column 1 of the table gives the grouping, column 2 the 
number of cements in each group, column 3 the average change in the 
heat developed in 24 hours produced by the addition of 1 percent of 
calcium chloride, and the remaining 4 columns the average compound 
composition. From this table it can be seen for the experimental 
cements that an increase in the heat evolved from group to group was 
accompanied by an increase in percentage of both the tricalcium 
aluminate and the tricalcium silicate, the two compounds shown from 
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table 1 to be those contributing the greater quantities of heat of 
hydration. 


TABLE 2.—Changes in the total heat evolved at 24 hours by the addition of 1 percen, 
of calcium chloride to experimental cements 





Average compound composition 


. oe 

ton Number of| changes 

7 ry », 

Heat he a on hours cements | produced Tetra- eM! 
ne group by 1% | Tricalcium| calcium | Dicalcium | Tricalcium 

CaCl aluminate | alumino- silicate Silicate 

ferrite 








Percent Percent Percent Percent 
3 15 47 


4 14 35 
10 12 34 
piensa ding 10 il 25 
70 to 80 2 15 7 21 























® 1% of anhydrous CaCh=1.3% of commercial CaCly. 


Furthermore, the increase in the heat evolved because of the addi- 
tion of 1 percent of calcium chloride is greatest in the first group 
(cements of lowest heat), becomes less in the succeeding groups, 
reaches zero ia the fourth group, and in the fifth group there is actually 
a decrease of 2 calories per gram. These changes in heat evolved 
because of the addition of calcium chloride cannot apparently be 
assigned to the tricalcium silicate content in each group, since it has 
been shown in table 1 that each percent of tricalcium silicate present 
in 1 gram of cement evolves the same number of calories with or with- 
out calcium chloride. The changes do, however, appear to be in- 
versely related to the amounts of tricalcium aluminate, and directly 
related to those of dicalcium silicate and tetracalcium alumino-ferrite 
present in each group, and in this respect are in agreement with the 
data of table 1. 


2. HEAT OF HYDRATION OF 11 COMMERCIAL CEMENTS 


The heats evolved during the first 24 hours of hydration were 
measured for 11 commercial cements without calcium chloride and 
also with the addition of 0.5, 1, 1.5, and 2 percent of anhydrous calcium 
chloride. 

The heat data obtained from the 11 commercial cements, and from 
4 samples of commercial cement supplied by the Portland Cement 
Association Fellowship, were analyzed in the same manner as the data 
obtained from the experimental cements. The results of the analysis 
showed that the heat contribution of the individual compounds, and 
the effect on the heat when calcium chloride was added, were much the 
same for these commercial cements as for the experimental cements. 

The effect of the addition of calcium chloride on the heat developed 
by a typical portland cement (B) is shown in figure 1. As the amount 
of calcium chloride is increased, the initial rate of evolution of heat is 
increased, but the amount of heat developed at 24 hours does not dif- 
fer by more than a few calories. The other 7 standard and the 2 
white portland cements behave in a similar manner upon the addition 
of calcium chloride. 
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Time-heat curves plotted from the temperature data of these 
cements show that calcium chloride generally increases the initial 
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Fiaure 1.—Typical heat curves. 


(Cement B). 


rate of temperature rise and decreases the time required to reach 
the maximum temperature. However, with the high-early-strength 
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Figure 2.—Temperature curves for high-early-sirength cement. 
(Cement D) 


cement (fig. 2), both with and without calcium chloride, the maxi- 
mum temperature attained was at or near the boiling point of water. 
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Consequently the heat of hydration could not be ascertained satisfac- 
torily since an undetermined portion of the heat was lost as the latent 
heat of vaporization of the water evaporated. 


IV. EFFECT OF CALCIUM CHLORIDE ON THE PHYSICAL 
PROPERTIES OF MORTARS AND CONCRETES 


1. STRENGTH OF THE EXPERIMENTAL CEMENTS 


The quantity of each cement was so small that only 1-inch cubes 
for 3 ages and 3 percentages of admixture could be made. The 
cubes were made of a 1:2.75 pit-run Ottawa-sand mortar with a 
cement-water ratio of 1.73 by weight, and contained respectively 
0, 1, and 2 percent of anhydrous calcium chloride by w eight of the 
cement. The specimens were molded at 70° F, placed in a moist 
closet for 24 hours, then removed from the molds and stored in water 
at 70° F until tested. 
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Figure 3.—Compressive strength with and without calcium chloride with variable 
tricalcium silicate_content. 
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FiaurE 4.—Compressive strength with and without calcium chloride with variable 
tricalcitum-aluminate content. 
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The strength results in figures 3, 4, and 5, and published tests by 
other investigators, reveal that the compressive strength of mortars 
is markedly influenced by the chemical composition of the cement. 
This is to be expected in view of the fact that the individual com- 
pounds have entirely different strength characteristics, and their 
proportions in the cement affect the strength of the whole. 

The findings of this investigation corroborate, in general, the 
results reported by Gonnerman (7) on practically the same cements, 
namely, (a) ‘“‘The principal strength contributing compounds of 
portland cement are tricalcium and dicalcium silicates. Tricalcium 
silicate not only contributed much of the strength at the early ages 
but also continued to be effective in increasing the strength at the 
later ages. Dicalcium silicate contributed little to the strength up 
to 28 days, but was largely responsible for the increase in strength 
beyond this period; (b) tricalctum aluminate contributed strength 
to an important degree up to 28 days, but its effect then diminished 
and became zero or negative at 1 and 2 years, and (c) the role of 
tetracalcium alumino-ferrite is not so clearly indicated. It contrib- 
uted to some extent to the compressive strength of mortars and concrete 
at 28 days and later periods.” 








28 28 











Compressive strength, /b per sq in. 



































me Age | day Age / day Age | day 
“500. 22t Ml t V%eq 2% )O%| | bese 2% LID 
QLO*e Tt Et EES Ozer tit 









































0 i 8 22 6 @ 1 0 4 8 16 
Tetracalcium alurnino- ferrite content, percerit 


Figure 5.—Compressive strength with and without calcium chloride with variable 
tetracalcium alumino-ferrite content. 
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The relation between the silicate content of the cements and the 
compressive strength of the mortars, with and without calcium 
chloride, is shown in figure 3. The cements tested had a computed 
C,S content ranging from 16 to 74 percent by weight and a ©,S 
content ranging from 5 to 58 percent. With the amounts of the 
other compounds maintained essentially constant, an increase or 
decrease in the C;S content was accompanied by a decrease or increase 
in the C.S content. The results (fig. 3) show that the addition of 
calcium chloride increased the mortar compressive strength at all 
ages of all the cements covering the exceedingly wide ranges in 
silicate content noted above. 

The relation between the content of tricalcium aluminate and the 
compressive strength of the cement mortars, with and without calcium 
chloride, is given in figure 4. In order to study the effect of the C,A 
content on strength, 3 groups of cements were selected in which the 
C;A content varied, but the C,S, C.S, and C,AF contents were held 
as constant as possible in each group. The C,AF varied from group 
to group. A study of the data, (fig. 4), reveals that the action of 
calcium chloride on the C;A does not affect the strength to any great 
extent until the C;A content is increased beyond the amount en- 
countered in commercial portland cements. Carlson and Bates (8) 
found the average amount of C;A in 84 commercial cements to be 11 
percent, ranging from 4 to 17 percent. Only 6 of the experimental 
cements had a C;A content of 15 percent or more. Three of the 
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cements having more than 15 percent of C;A with calcium chloride 
added (fig. 4) have greater 28-day strengths than the plain mortars. 
It is considered unlikely, therefore, that the action of calcium chloride 
on the tricalcium aluminate would affect the strength of present-day 
commercial cements. 

Results of tests of calcium chloride on 3 groups of cements, each 
containing nearly constant amounts of C,S, C.S, and C;A, but vari- 
able amounts of C,AF, indicate that the presence of calcium chloride 
in the amounts studied increased the strength of the cements until 
the percentage of C,AF was above 13 (fig. 5). Referring again to the 
data of Carlson and Bates (8) we find that the average amount of 
C,AF in 84 commercial portland cements was 8 percent, ranging 
from 2 percent to 13 percent. Beyond 13 percent of C,AF the action 
of calcium chloride on the experimental cements is not clearly indi- 
cated. Three cements containing 16, 19, and 20 percent of C,AF 
have a lower strength at 28 days with calcium chloride, but 5 cements 
containing more than 13 percent of C,AF have a greater strength 
with calcium chloride. 

A mathematical analysis of the compressive-strength data reveals 
more clearly the effect of calcium chloride on the strength-contribut- 
ing value of the individual compounds. The results of this analysis 
made by the method of least squares give factors (table 3) showing 
the contribution in pounds per square inch for each percent of the 4 
major compounds. The analysis assumes a linear relationship be- 
tween the percentage of each compound and the strength at a given 
age. 


TaBLE 3.—-Component compressive-strength factors, with and without calcium 
chloride, for sixty experimental cements 
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| of component) calculated and ob- 
ee served strengths,! 

| Age expressed as prob- 

| 

| 





C28 C3A able error 








Days Ib/in.2 | Percent 
l 4. 09-40. 36 0. 2240. 38 10. 441. —2. 741. +37 16 
1 | 13.0340.79 | —1.03-40.83 15.1423 | —10.942. aan |) 
| 13. 9140.61 | —1. 0640.65 16. 21. —8. 742. +63 | 10 
) 


1 ‘ 
| 

| 

| 

| 


20. 8-1. 2 —4.1+1.2 47.623. —0. 243. +119 } 10 
31. 81.6 0. 21.7 41.344. —1.2+5.5 +168 } 10 
33. 741.5 3.4+1.5 33. 14. —7.0+5. +151 | 9 











Of 


l 28 
} 


{  30.241.6 3.91.6 88. 9-44. 6 —3.645.3 | +160 8 
41. 241.9 13.842 1 58.145.8 | 126466 | +201 8 
| 46.141.9 16. 04:2. 0 38.545.7 | —18.8+6.5 | +197 . | 


! For each cement the strength was calculated from the factors. The probable errors given are com- 
puted from the difference (d) between the calculated and observed strengths for each cement by the 
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equation: Probable error = 6745) yg 
n— 


_Tricalcium silicate adds strength to the cements at all ages. Cal- 
cium chloride is effective in increasing the strength-contributing value 
of C;S in cement at all ages tested. At 1 day the C.S contributes 
little or nothing to the strength. At 7 days the effect is negative, 
but at 28 days there is a gain of approximately 4 lb/in.? for each 
percent. The addition of calcium chloride increases the strength- 
contributing factor of the C,S at the ages studied although it shows 
little effect at 1 day. At 7 days 2 percent of anhydrous calcium 
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chloride increases the strength by about 7 lb/in.? for each percent 
of C,S, and at 28 days this strength is increased by about 12 Ib/in? 

Tricalcium aluminate adds to the strength at all ages up to 28 
days. Calcium chloride increases the strength contributed by O,A4 
at 1 day, but it decreases the strength at 7 and 28 days. The decrease 
is larger with increasing amounts of calcium chloride and is largest at 
28 days. 

The strength contributed by C,AF is so small and the probable 
error is such that it is not known whether the contribution is positive 
or negative at any age. The addition of calcium chloride apparently 
makes these factors negative. 

Using the factors which give the strength contributed by the four 
major compounds in cement, and knowing the compound composition 
of the cement, a fairly accurate computation of the strength produced 
by the addition of calcium chloride can be obtained. Referring to 
table 3 we see that the strength can be calculated for all cases, with 
probable errors ranging from 8 to 16 percent. With 2 percent of 
anhydrous calcium chloride the precision of the computed strength 
varies from 8 to 10 percent. 


2. COMMERCIAL CEMENTS 


(a) MAKING THE TEST SPECIMENS 


The standard evaluation tests for portland cement (9) were made, 
except that 2-inch mortar cubes were substituted for briquettes. In 
these tests 0, 0.5, 1, 1.5, and 2 percent of anhydrous calcium chloride, 
respectively, were added to the gaging water. The mortar specimens 


were molded at 70° F, placed in a moist closet at 70° F for the first 
24 hours, removed and stored in water at the same temperature 
until tested. 

Concrete was tested in the form of 6 by 12-inch cylinders made from 
a 1:2:4 mix by volume, using local sand and gravel. The amount of 
water (6.5 gallons per sack) used for gaging gave a cement-water 
ratio of 1.73 by weight and contained, respectively, 0, 1, 1.5, and 
2.25 percent of anhydrous calcium chloride by weight of the cement. 

The effect of three curing temperatures on strength was studied by 
means of plastic mortar tests (10) which were designed to give mortar 
strengths comparable with those of concrete. Pit-run Ottawa sand 
was used as the aggregate in the proportion of 1 part of cement to 2.65 
parts of sand. ‘The same cement-water ratio and percentages of ad- 
mixtures of calcium chloride were used as in the concrete tests. The 
mortar specimens were cured 1 day in the molds at 70, 40, and 90° F. 
then removed from the molds and stored in water. The curing condi- 
tions were: 

Storage 1.—Cured at 70° F for 90 days (standard). 

Storage 2.—Cured at 40° F for first 28 days, then 70° F. 

Storage 3.—Cured at 90° F for first 28 days, then 70° F. 


(b) TEST RESULTS 


(1). Time of Set.—A summary of the setting times for the standard 
portland cements is shown in figure 6. It will be noted that the 
average setting time together with, in general, the spread of the time 
of set, decreases as the amount of calcium chloride is increased. The 
addition of calcium chloride to the white and high-early-strength 
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cements, likewise decreases the time of set. All pats, subjected to 
5 hours’ steaming, both with and without calcium chloride, were 
sound. 


Initial set Gilrmore 


Final se? Gilrnore 


0.5 LO LS 2.0 
Fer cert? Cal/> 
Fiaure 6.—Setting time of eight standard portland cements. 


(2) Strengths —A summary of the 1:3 standard sand mortar 
strengths is given in figure 7. This graph shows the strengths of the 
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Figure 7.—Compressive strength of eight standard portland cements, 1:3 standard 
sand mortars. 


8 standard portland cements with the addition of various percentages 

of calcium chloride. Not only were,the early strengths of portland- 

cement mortar greatly increased by calcium chloride, but the 1-year 
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strengths were also increased. The results of the tests show that the 
mortar containing 1.5 percent of anhydrous (2 percent of commercial) 
calcium chloride has a strength approximately 15 percent greater 
than the plain mortar at 1 year; the strength at 1 day is practically 
doubled by the use of this amount of calcium chloride. The strengths 
of the mortars containing white cement were similarly affected by the 
addition of calcium chloride. The strength of the mortar made with 
high-early-strength cement was also increased by the addition of 
calcium chloride; the strengths in all cases being higher than those of 
the 8 standard cements. 

The compressive strengths of the concretes of the standard cements 
are summarized in figure 8. At 1 day the average strength of the 
concrete with 1.5 percent of anhydrous (2 percent of commercial) 
calcium chloride was 128 percent higher than the average strength of 
the plain concrete, at 28 days the increase was 13 percent, at 90 days 
9 percent, and at 1 year 8 percent. It is to be noted that calcium 
chloride, besides producing a great increase at early ages, also in- 
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FiacurE 8.—Compressive strength of eight standard portland cements, 1:2:4 concrete. 


creased the strength of the concretes up to 1 year, at which age the 
tests were terminated. The strengths of the concrete made with 
white and high-early-strength cement were likewise increased by the 
addition of calcium chloride. The strength curves of figure 8 indi- 
cate that there is very little advantage in adding more than 1.5 per- 
cent of anhydrous (2 percent of commercial) calcium chloride, the 
amount generally recommended for use at 70° F. 

A summary of the plastic mortar strengths of 8 standard portland 
cements obtained under the various conditions of curing is given In 
figure 9. For convenience the storages are referred to by the temper- 
atures for the first 28 days. 

It is interesting to note the effect of curing temperatures on strengths 
of mortars without calcium chloride. The 1-day strength of the 40° 
F specimens is 475 lb/in.? (91 percent) less than that of the 70° F 
specimens, and the 40° F specimens require approximately 3 days to 
reach the 1-day strength of the 70° F specimens. At 28 days the 
40° F specimens are approximately 1,000 lb/in.? (23 percent) lower 
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than the 70° F specimens. An increase in the storage temperature of 
90 degrees, from 70 to 90° F, about doubles the 1-day strength. At 
both 28 and 90 days the strength of the 90° F specimens is less than 
the strength of the 70° F specimens. 

The strengths of the mortars were increased for all percentages of 
calcium chloride added for the three storage conditions. At 1 day the 
strengths of the 40, 70, and 90° F specimens were increased 300, 145, 
and 90 percent, respectively, by the addition of 1.5 percent of an- 
hydrous (2 percent of commercial) calcium chloride. At 3 days the 
percentage increases were 117, 68, and 41 for the respective curings. 
At 7 days calcium chloride increased the strengths of the specimens 
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Figure 9.—Average plastic mortar strengths of eight standard portland cements. 


cured at 40, 70, and 90° F, 75, 32, and 23 percent, respectively, but 
the 28-day strengths are increased only 20, 12, and 15 percent with 
the addition of 1.5 percent of calcium chloride. At 90 days the per- 
centage increases were 10, 14, and 16 for the respective curings. 
Thus, it is seen that the greatest increase in strength due to the addi- 
tion of calcium chloride is obtained at low temperatures and early 
ages, 

It is interesting to note in figure 9, that the 1-day strengths of the 
specimens with no calcium chloride added, cured at 90° F,, are ap- 
proximately the same as those of the 70° F specimens containing 1.5 
percent of anhydrous (2 percent of commercial) calcium chloride. 
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The increase in strength at 1 day, due to increasing the temperature 
from 70° to 90° F, is approximately the same as that produced at 
70° F by the addition of 1.5 percent of calcium chloride. At 40° F 
the addition of 1.5 percent of calcium chloride produces approxi- 
mately the same strength in 2 days that mortars without calcium 
chloride possess at 70° F in 1 day. 

The strengths of the mortars containing white cement were within 
the same range as those containing standard cement, and the strengths 
were similarly affected by calcium chloride. Likewise, the strengths 
of the mortars containing high-early-strength cement were increased 
py the addition of calcium ciuoride for all storage conditions, but 
the strengths were higher than those of the standard cements at al] 
ages. One percent of anbydrous calcium chloride seemed to be the 
optimum amuunt to use at 70 and 90° F because of the greater activity 
of this cement. 

3. Plasticity Tests—Dumng the molding of both the mortar and 
concrete specimens, a greater ease of placing was noted when anhy- 
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FiaurE 10.—Flow tests of eight standard portland cements. 


drous calcium chloride was incorporated in the mix. To obtain 
some measure of this phenomenon, flow measurements were made 
on the concrete. With each cement flows were increased by the 
addition of calcium chloride to the concrete. The range of flows 
obtained on 8 standard cements as well as the average flow are 
plotted in figure 10 against the amount of calcium chloride added. 
The flow is expressed as the percentage increase in diameter after 
dropping the flow table 15 times, a distance of % inch. 

Each point on the average flow curve represents the mean of 72 
determinations. There was an increase in the average flow from 
29 to 41 with the addition of 1.5 percent of anhydrous calcium 
chloride. 

The flows of the concrete containing white cements were within 
the same range as the flows with standard cements, and the calcium 
chloride had approximately the same effect. The flow of the con- 
crete containing high-early-strength cement was similarly increased 
by the addition of calcium chloride, but the flow was smaller in all 
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cases, being 16 with 0 percent and 21 with 1.5 percent of calcium 
chloride. 

This increase in flow indicates increased workability. Thus, by 
adding calcium chloride less water may be used and a flow equal 
to that of plain concrete may still be obtained. Therefore, not 
only an increase in strength due directly to the addition of calcium 
chloride, but also a further increase in strength due to a decreased 
content of mixing water can be obtained. 


V. DISCUSSION AND RECOMMENDATIONS 


A comparison of figures 8 and 9 shows that the plastic-mortar 
strengths at 70° F is sufficiently close to the concrete strengths to 
be comparable at the early ages. If at 40 and 90° F curing the 
plastic-mortar strengths are also comparable to the concrete strengths, 
the data of figure 9 clearly show the marked effect of curing tempera- 
ture on the strength of the concrete. That the plastic-mortar 
strengths are comparable to the concrete strengths at 40° F is indi- 
cated by data secured by the Highway Laboratory of the District 
of Columbia (13). 

The strength, particularly at early ages, decreases very markedly 
as the temperature approaches the freezing point. Referring to 
figure 9, we see that at 90° F the 1-day strength is 1,140 lb/in/, 
at 70° F, 520 lb/in.?, while at 40° F the strength is 50 lb/in.2 The 
difference in strength at these 3 temperatures decreased with in- 
creasing age until at 28 days the strengths were 4,000 pounds at 
90, 4,400 pounds at 70, and 3,360 pounds at 40° F. The proportional 
effect of adding calcium chloride is much larger at the lower tem- 
peratures. Although the strength at 3 days is increased only 28 
percent at 90° F, it is increased 60 percent at 70° F, and 115 percent 
at 40° F. Thus, it is evident that the lower the temperature, the 
more effective is the use of calcium chloride as an admixture to 
produce early strength. Referring again to figure 9, we see that 
up to 90 days, 2 percent of commercial calcium chloride is approxi- 
mately as effective as 3 percent. There is no economic advantage, 
then, in using more than 2 percent integrally in the concrete. 

There is an added advantage in using calcium chloride in cold 
weather in the increased rapidity with which it causes the develop- 
ment of heat. Construction at low temperature requires special 
measures to assure a rate of hydration of the cement that will 
develop early strengths. In thin concrete slabs, where the heat 
may be readily dissipated, this increased rapidity of heat develop- 
ment will compensate for some of the heat lost and will decrease 
the curing time and the time necessary for the use of coverings, or 
other means of maintaining a satisfactory temperature for hydra- 
tion (11, 12). 

Figure 11 has been prepared to show the length of time that will 
be required for representative standard and_high-early-strength 
cements, both with and without calcium chloride, at placing and 
curing temperatures of 40, 70, and 90° F, to obtain a strength of 
2,500 lb/in.?.. It will be noted from the data (fig. 11) that the amounts 
of calcium chloride added to the cements at the higher tempera- 
tures were less than at the lower temperature. Several factors 
contributed to the choice of the amounts used. 
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Lerch and Bogue (3), in a study of the heat of hydration of port. a 
land-cement paste, found that higher initial temperatures acceler. V 
ate the reactions of hydration and increase the quantity of heat Q 
liberated from the cements at early ages. Figure 12, which gives 0 
a typical graph of the effect of initial temperature on the heat of 0 
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FicurE 11.—Effect of curing temperature and addition of calcium chloride on length S 
of time required for concrete to attain 2,500 \b/in.2 strength (based on plastic 
mortar strength). 
hydration, shows that as the initial temperature is increased the 
, Pp 
maximum temperature attained is increased, and the time required 
to reach the maximum temperature is decreased. , 
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Figure 12.—Typical curves showing the effect of initial temperature on the rate t 
of evolution of heat from portland cement. ] 
(Reproduced by permission of the Portland Cement Association Fellowship.) 
1 
Added to this accelerating effect of the higher temperatures is Q 
the accelerating action of calcium chloride which, according to 4 ( 
comparison of heat tests previously mentioned and figure 12, is t 
of equal importance to the acceleration caused by raising the tem- I 
perature from 70 to 95° F. Therefore, when calcium chloride 1s 
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added to cement at a higher temperature, two accelerating actions, 
which are additive, are superimposed. Several investigators (2, 3, 
and 14) have shown that there is a direct relation between the rate 
of evolution of heat, or temperature rise, and the rate of hardening 
or set. Too great an increase in either, or both, of the accelerating 
factors, therefore, is likely to cause a time of set so rapid that finish- 
ing of the placed concrete would be difficult. ix 

An initial stiffening of the mix occurred at 90° F during the mixing 
and molding of the plastic-mortar specimens when as much as 3 
percent of commercial calcium chloride was added. This made 
the finishing of some of the specimens difficult. Although with 2 
percent of calcium chloride no stiffening was noted, the workability 
of the mortar, when molded at 90° F, appeared to be at its maxi- 
mum with only 1.5 percent of commercial calcium chloride present. 
Mortar with less admixture was less workable. 

The recommended amount to be added to the standard and white 
portland cements at 40 and 70° F was found to be 2 percent of 
commercial calcium chloride; at 90° F the amount should be de- 
creased to 1.5 percent. Since it has been shown that the accelerating 
action of both increased initial temperature and calcium chloride is 
greater for the high-early-strength cement, not more than 1.5 per- 
cent of commercial calcium chloride is recommended for high-early- 
strength cement at either 70 or 90° F (15). 


VI. SUMMARY 


The following conclusions have been drawn from the investigation: 

1. The heat contributed by the 4 major compounds of portland 
cement during the first 24 hours was determined on neat cement 
pastes and also with the pastes to which 1 percent of anhydrous 
calc‘um chloride was added. Factors are given from which the heat 
evolved in 24 hours by a portland cement may be computed from its 
compound composition, either with no calcium chloride or when 1 
percent of anhydrous calcium chloride is present. The addition of 
calcium chloride increased the heat contributed by dicalcium silicate 
and tetracalcium alumino-ferrite, decreased the heat from tricalcium 
aluminate, and had little or no effect on the heat contributed by tri- 
calcium silicate. 

2. The addition of calcium chloride increased the heat evolved by 
each of the cements tested up to 24 hours, even though that part of 
the total heat developed by the tricalcium aluminate was decreased. 
Although there was not much change in the total heat evolved in 24 
hours, the addition of calcium chloride markedly increased the rapidity 
with which this heat was evolved. 

3. Sixty experimental portland cements were grouped according to 
the amount of heat evolved during the first 24 hours of hydration. 
It was found that for the group that developed only 30 to 40 calories 
per gram, the addition of 1 percent of anhydrous calcium chloride 
increased the heat 7 calories per gram. Groups which evolve greater 
amounts of heat liberate less and less heat with the addition of calcium 
chloride, until in that group liberating from 70 to 80 calories per gram 
the addition of calcium chloride lowers the amount of heat liberated 
by 2 calories per gram. 
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4. The study (at 70° F) of the mortar strengths of 60 experimental 
portland cements of widely varying composition at ages up to 28 days, 
beyond which no measurements were made, shows: 

(a) Corroborating the findings of other investigators, the compound 
composition of portland cement greatly influences its strength. The 
strength contributed by each of the four major components has been 
computed. 

(b) Calcium chloride increased the strengths of cement mortars, 
especially marked when the composition of the cement was within the 
range encountered in commercial portland cements. 

(c) The addition of calcium chloride increased the strength con- 
tributed by dicalcium and tricalcium silicates. 

(d) The addition of calcium chloride increased the strength con- 
tributed by tricalcium aluminate for the first few days, but after this 
time decreased the strength contributed by this compound. 

(e) The contribution of tetracalcium alumino-ferrite to the strength 
issmall. The addition of calcium chloride appears to make this factor 
slightly negative at all ages. 

5. The tests of 8 standard, 2 white and 1 high-early-strength com- 
mercial portland cements, selected to obtain large variations in 
composition, show: 

(a) The setting times of cement at 70° F were decreased by the 
addition of increasing amounts of calcium chloride. 

(b) The addition of calcium chloride increased the strength of each 
of the cements at all ages up to 1 year, beyond which tests were not 
made. Not only were the early strengths greatly increased by the 
addition of calcium chloride, but the 1-year strengths were appreciably 
increased. ‘Tests at 40 and 90° F also showed an increased strength 
at all ages up to 90 days, at which time the tests were terminated. 

(c) At 70° F the flow or workability of the concrete was increased 
by the addition of calcium chloride up to and including 3 percent of 
commercial calcium chloride. 

(d) Tests at 40, 70, and 90° F showed that the lower the initial cur- 
ing temperatures the more effective is the use of calcium chloride as an 
admixture in increasing the early strength. 

(e) Integral use of calcium chloride was effective in accelerating the 
curing of all the cements. It is, therefore, of value in cold-w eather con- 
eye in decreasing the time necessary for protecting the concrete. 

. A tabulation is given showing the time required for normal port- 
land and high-carly-sireng dh portland cements to attain a compressive 
strength of 2,500 lb/in.2 The effects of different curing temperatures, 
both with and without calcium chloride, are given. The optimum 
amount of calcium chloride which should be used at the three curing 
temperatures studied, was found to be: 








Commercial 
Temperatures} calcium Type of cement 
chloride 
7 Percent 
40 2 All cements. 
70 { 2 Normal and white. 
: 1.5 High early. 
90 1.5 All cements. 
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ARC SPECTRUM OF COPPER IN THE INFRARED 
By C. C. Kiess 








ABSTRACT 





A survey of the are spectrum of copper out to the limit attainable photographi- 
eally in the infrared has yielded about 30 new lines. All, except one, are accounted 
for as combinations between previously known terms of Cu 1. 









INTRODUCTION 






The new types of photographic plates that the Eastman Kodak 
Co.! has introduced, in recent years, have made it possible to record 
infrared spectra out to 12000 A, and even somewhat beyond. These 
plates have been extensively used in the spectroscopy laboratory of the 
National Bureau of Standards to make systematic surveys of the near 
infrared spectra of most of the chemical elements. For some of the 
elements, results have already been published in several papers,’ to 
which reference should be made for a description of the apparatus and 
methods employed in these investigations. It is the purpose of this 
paper to present the infrared wave lengths that have been measured in 
the are spectrum of copper. 

The radiometric survey of the infrared arc spectrum of copper, made 
in 1910 by Randall,’ revealed only six lines between 7000 and 30000 A. 
Two of these form the intense doublet at 7933 and 8092 A which, sub- 
» sequently, have had their wave lengths accurately determined from 
photographic observations. The other four lines lie between 16000 
» and 18000 A, and are still beyond the reach of photographic methods. 

The lines longer than 8100 A observed in the copper arc by Meggers, 
are, with one exception, mostly attributable to the atmospheric gases, 
nitrogen and oxygen, which are excited when an electric arc passes 
between metallic electrodes in air. 

The existence of lines in the infrared arc spectrum of copper may be 
predicted from the terms of Cu 1 given by Shenstone,’ who has made a 
practically complete analysis of the spectrum. In this analysis it is 
shown that nearly all the observed lines are accounted for as combiaa- 
tions between the doublet and quartet terms required by atomic 
theory. These terms arise from the addition of s,p,d,- -- -, electrons to 
the electron configurations d'® and d*s, which characterize the low and 

1 Mees, J.Opt.Soc.Am, 2%, 204 (1932). 
7 BS Research Papers RP473, RP558, and RP624. 
: Randall, Astrophys. J. 34 8 (1911). 4 
Eder, Sitz. Ber. Akad. Wiss. Wien IIa 124, 110 (1915). Meggers, BS Sci.Pap. 14, 385 (1918). Burns and 


Walters, Pub. Allegheny Observatory 8, 34 (1930). 
5 Phys. Rev. 28, 449 (1926). . 
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metastable energy states of the singly ionized atom. It is of interes 
to note that most of the intense, sharp lines of the copper arc involye 
the doublet terms of the d'° configuration, whereas all but a few of 
the numerous hazy and diffuse lines involve the doublet and quarte 
terms of the d®s configuration. 


TaBiz 1.—New lines in arc spectrum of Cu 
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* Blended with 9262.8 of oxygen. 
Note. k=3d!° (1S); m=3d%4s (3D); n=3d%4s (1D). 


RESULTS 


The new wave lengths for copper are given in table 1 and represent 
the average of two to eight observations, except for a few lines, observed 
on only one plate. The spectrograms, from which they were derived, 
were taken according to the experimental procedure described in the 
papers cited above, and required exposures of 2 and 3 hours. Most of 
the lines are diffuse and very hazy, which is indicated by the symbols 
h and H following the intensity estimate. A few of the lines appear to 
be widened, without, however, showing the haziness presented by the 
others. This characteristic is denoted by b. The letter / indicates an 
unsymmetrical shading of the line toward longer wave lengths. 
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All but one of the new lines are accounted for as combinations be- 
tween the terms given by Shenstone. These terms, however, are not 
designated by the symbols originally assigned by him, but by those 
conforming to present usage, given by Bacher and Goudsmit.’ It is 
of interest to note that nearly all the new hazy lines also involve 
terms belonging to configurations containing the d°s electrons. 

In addition to the new infrared lines, table 1 also contains some lines 
of Cu 1 which have been measured at various times at the National 
Bureau of Standards, during the spectroscopic examination of ma- 
terials for which copper rods were used as supporting electrodes. These 
lines, which do not appear in any of the published lists of wave lengths 
are all satisfactorily accounted for by Shenstone’s terms, and are, 
therefore, presented at this time to extend the description of Cu 1. 


WASHINGTON, January 23, 1935. 


6 Bacher and Goudsmit, Atomic Energy States, page 175 (McGraw-Hill Book Co., New York, 1932). 
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